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1. 
ABSTRACT 
Development of machines in which s l i d i n g 
contact commutation i s as s i s t e d by t h y r i s t o r s has led 
to a need for more knowledge about the behaviour of 
carbon brushes s l i d i n g on s l i p rings when the current i s 
applied i n pulses instead of continuously. Of 
part i c u l a r i n t e r e s t i s the question of r e l a t i v e wear of 
those parts of the rings that carry current r e l a t i v e to 
those that do not, the maximum current density at which 
they can work under pulsed conditions, and the uncertainty 
of such contacts when a brush i s s i t t i n g p a r t ly on a 
"conducting" segment and partly on a "non-conducting" 
segment. 
To look at the above i n a r e l a t i v e l y simple 
way, some rings were rotated and current passed i n pulses, 
of both sine wave and rectangular form. An attempt 
was made to detect excessive wear or damage on the rings, 
together with any s i g n i f i c a n t time lag between application 
of voltage and flow of current. Photographic evidence of 
the above i s presented. 
To look at the effect of current flow when 
the contact i s uncertain, as i s the case when a brush 
i s only partly s i t t i n g on a segment, a s p l i t ring was 
used, and current passed to a brush as i t passed across 
the s p l i t . 
( 11 OCT 1968 ) 
2. 
The switching method adopted was by using 
t h y r i s t o r s , and the appropriate c i r c u i t y i s described. 
A great deal of published l i t e r a t u r e concerns 
the study of contacts and wear. A survey of t h i s 
l i t e r a t u r e i s presented as background material to t h i s 
t h e s i s . There i s no s a t i s f a c t o r y theory of current flow 
under pulsed conditions, but i t i s quite possible that the 
e x i s t i n g l i t e r a t u r e on steady flow of current i s applicable 
to some extent to pulsed conditions, and a knowledge of 
t h i s theory i s an e s s e n t i a l s t a r t i n g point to an under-
standing of what i s going on. 
3. 
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1. INTRODUCTION 
1.1. Use of Direct Current 
The study of a.c. motors i n which the speed of 
rotation can be e a s i l y controlled has been a major 
concern of e l e c t r i c a l machine engineering for half a 
century or more. The need for variable speed a.c. 
motors arose because u n t i l recent times no cheap and 
e f f i c i e n t r e c t i f y i n g devices were av a i l a b l e . Had the 
semiconductor diode been available at the beginning 
of the century, the problem of variable speed from 
a.c. supplies would probably have been solved by the 
use of d.c. machines operating through r e c t i f i e d 
supplies. I t i s quite l i k e l y that much more research 
effort would then have been devoted to the perfection 
of the commutator, which i s the only r e a l l y troublesome 
feature of d.c. machines. 
With the advent of the semiconductor diode, the 
d.c. machine, fed through diodes from an a.c. supply 
with some means of voltage control, has become a very 
e f f i c i e n t form of variable speed drive, but the 
s l i d i n g contact;commutator continues to be a source of 
weakness, and l i m i t s the combinations of speed and 
power possible. Some recent work has been directed 
towards using t h y r i s t o r s to a s s i s t the process of 
commutation i n d.c. machines. 
9. 
1.2. Previous work on Thyristor Commutation 
Machines. 
"Thyristor-Assisted Sliding Contact 
Commutation" i s a scheme for using t h y r i s t o r s to a s s i s t 
the process of commutation in d.c. machines. By 
using t h y r i s t o r s to a s s i s t the process of 
commutation i n d.c. machines. By using a s l i d i n g 
contact commutator to di s t r i b u t e the tappings on 
a closed winding to a pair of t h y r i s t o r s , which then 
do the actual switching, required i n commutation, i t 
i s possible to get an improved performance from a 
machine which j u s t i f i e s the additional cost of the 
t h y r i s t o r equipment. 
The work with t h y r i s t o r commutation machines 
was undertaken by Bates and Sridhar (1966). The 
scheme i s shown i n F i g . (1.4.) and described in 
(1.4.). Instead of a single commutator there are 
two parts commutators C^ and Cg, the c o i l s being connected 
to alternate segments. There are four brushes to feed 
current i n , two on each commutator. The pairs of 
brushes are in p a r a l l e l , and connected to the ends 
of a commutating transformer T^, through Thyristors 
T 1 and Tg. 
Bates and Sridhar pointed out that the r e s u l t s 
10. 
so f a r were s u f f i c i e n t l y encouraging for t h i s 
development to be vigorously pursued to produce 
a number of proto-type machines, and to prove t h e i r 
advantages and t h e i r r e l i a b i l i t y in a number of 
motor and generator applications. They also 
suggested that a considerable amount of development 
work remained to be done on such matters as contact 
behaviour under pulsed current conditions. 
1.3. Differences Between t h i s Sort of 
Commutation and Previous Types. 
In conventional commutators there i s a 
necessarily large degree of subdivision of the 
armature winding and the large number of commutator 
segments means that the mechanical construction of the 
commutator i s a d i f f i c u l t and expensive process. 
Additional disadvantages are that the commutator 
w i l l be heated considerably by the winding losses 
due to the large number of tappings from the 
winding to the commutator and that a damaged segment 
cannot be replaced because of the r i g i d i t y of a l l the 
segments together in one structure. In t h y r i s t o r 
a s s i s t e d commutation the number of segments i s reduced 
to only eight or so. Rigid i t y of segments can be 
achieved separately without replying on the presence 
11. 
of adjacent segments. Commutator diameters w i l l also 
be l e s s . In a conventional commutator the contact i s 
very s e n s i t i v e because a brush must make good 
contact simultaneously with two adjacent commutator 
segments, and any small difference i n surface l e v e l 
makes i t d i f f i c u l t to achieve t h i s condition of 
simultaneous contact. Also because of the uncertain 
nature of the brush contact, i t i s d i f f i c u l t to ensure 
an exact balance between the interpole induced e.m.f. 
and commutating e.m.f.s. at a l l instants. In a 
th y r i s t o r machine the brush has no longer to make 
simultaneous contact with two adjacent segments. 
on 
The brush i s arranged to be/ a single segment when i t 
changes from the inactive to the active condition. 
Electromagnetically, the interpole need not provide an 
exact balance of voltages i n the commutating c o i l but 
need only supply j u s t more than the l i m i t i n g value of 
volt-seconds for commutation. 
1.4. The present work. 
The investigations described i n t h i s t h e s i s 
concern the brush s l i p - r i n g contact c h a r a c t e r i s t i c s 
as applied to the t h y r i s t o r - a s s i s t e d commutator 
machines. The waveform of brush current i n the 
12. 
t h y r i s t o r machine w i l l approximate to a pulsed 
triangular wave. However i n these i n i t i a l studies 
the wave form of the pulse i s not too obviously 
important and half sine waves and square wave pulses 
are l i k e l y to be j u s t as informative and lend them-
s e l v e s to easier experimental r i g s . 
The experiments were made in order to obtain 
information on the r e l a t i o n between brush and 
commutator or s l i p ring surface damage with current 
in pulses. Studies were ca r r i e d out to determine the 
maximum current density at which a brush can be worked 
when the current i s passed i n pulses and how the maximum 
current density i s related to the duration of the 
pulse. An important question to be answered in t h i s 
investigation i s what time lag occurs between the 'firing 
of the t h y r i s t o r and a flow of current from the 
brush to the s l i p ring. The importance of time lag 
in the successful operation of t h y r i s t o r a s s i s t e d 
commutation machines i s shown below. Fig.(1.4.) 
shows a scheme for t h y r i s t o r - a s s i s t e d commutation 
which was designed and b u i l t by Bates and Sridhar (1966). 
There are two part commutators and Cg instead of 
a single commutator, the c o i l s being connected to 
alternate segments. The number of segments has 
13. 
been reduced to eight on each commutator. There are 
four brushes to feed current in, and A g on 
commutator and and B 2 on commutator Cg. The 
brushes are connected to the ends of a commutating 
transformer T^ ,. The current i s supplied to the 
th y r i s t o r s T^ and T g v i a t h i s commutating transformer. 
When running, the thyr i s b r s are f i r e d i n turn 
and the commutation sequence as quoted from Bates and 
Sridhar (1966) i s as follows. " I n the position shown 
on Fig,(1.4.), the th y r i s t o r T^ would be f i r e d and 
would feed current into the armature v i a brushes 
A^ and Ag. As the commutator moves to the l e f t , 
Ag w i l l leave segments and enter segment C^ 2, 
but there w i l l be no change in current i n c o i l 12, 
as current w i l l s t i l l be entering through A^. 
When A 2 i s j u s t f u l l y on segment C^ 2, t h y r i s t o r 
Tg w i l l be f i r e d . Current w i l l now s t a r t to flow 
into the armature through brush Bg and commutation 
w i l l commence. I t i s important that commutation 
should not s t a r t u n t i l B 2 i s firmly established on 
segment C 2 2 . There i s no need for simultaneous 
contact of a brush with two adjustment segments, with 
i t s consequent d i f f i c u l t i e s due to small differences 
i n surface l e v e l . Commutation w i l l now proceed under 
14. 
the action of an interpole induced e.m.f. in c o i l 
C^2« The interpole strength must be s u f f i c i e n t for 
the current through t h y r i s t o r T 1 to be brought to 
zero before leaves segment C^". 
Thus the brush does not have to break the 
current. I f there was a time lag between the 
application of voltage and the passage of current, 
the current would flow only for part of the time 
available for commutation on the segment. In other 
words, the time available for commutation would 
decrease and would l i m i t the maximum operating 
speed of the machine. 
Studies were also carried out into the erosion 
caused to the segment when a brush i s turned on 
early, i . e . when the brush s i t s p a r t ly on an active 
and partly on an inactive segment of a s l i p ring. 
In 1951 McLaughlin investigated the 
deterioration at brush and commutator surfaces i n 
d.c. machines. He concluded that i f a brush running 
on a short-circuited commutator i s required to carry 
only a steady dire c t current then i t s current rating 
can be increased to many times the normal value. 
For the brush grades tested, EG12 and EG14 f 
15. 
McLaughlin pointed out that the rating could 
almost c e r t a i n l y be increased from 60 amps/sq.in. 
to 800 Amps./sq.in. for a period of 36 hours. 
McLaughlin was one of the f i r s t who investigated the 
damage of brush and commutator with current i n pulses. 
His conclusion i n t h i s concern was that the high 
rate of r i s e of a current pulse might cause s l i g h t 
damage to the commutator i f the pulse current 
flowed from the commutator to the brush. Whereas 
damage was observed with a pulse amplitude of 600 
amps/sq.in. and r i s e time of 10 micro-seconds, no 
damage was observed i f the pulse currents flowed from 
the brush to the bar and had an amplitude of 600 amps/ 
sq.in. 
The aim of the present programme of t e s t s 
uwas to make a preliminary examination of some 
contact d i f f i c u l t i e s that arose in the 
construction of proto-type t h y r i s t o r a s s i s t e d 
commutator machines and to see what influence 
these problems w i l l have on t h e i r development. 
16. 
2. AN OUTLINE OF THE EXPERIMENTAL WORK 
The purpose of the experiments to be d e s c r i b e d 
was to study the e f f e c t on brush and r i n g s u r f a c e s 
of the passage of c u r r e n t i n p u l s e s . One of the 
v a r i a b l e s i n v e s t i g a t e d was the c u r r e n t p a s s i n g i n 
p u l s e s between brushes s l i d i n g on a s l i p r i n g . The 
p u l s e s were repeated on the same p a r t s of the r i n g . 
With t h i s arrangement the wear of the brush and the 
behaviour of the r i n g can be a c c u r a t e l y measured. 
The r a t e of p u l s i n g was 50 p u l s e s per second as 
shown i n F i g . ( 2 . 1 ) . 
The r i n g was mounted on a s h a f t : of a 
motor running synchronously. The brushes s t u d i e d 
were from the EG s e r i e s of e l e c t r o g r a p h i t i c brushes, 
and from the CM s e r i e s of m e t a l - g r a p h i t i c brushes. 
They were of 0.75 inch x 0.5 inch s e c t i o n . The 
aim of using d i f f e r e n t types of brush was to 
i n v e s t i g a t e the r e l a t i o n s h i p between the types of brush 
and the e f f e c t of c u r r e n t p u l s e s . M e t a l - g r a p h i t i c 
brushes a r e used f o r non-commutating c o n d i t i o n s ; i . e . 
pure c u r r e n t c o l l e c t i o n . The p o s i t i v e and negative 
brushes t r a v e l l e d on the same t r a c k of a 10 i n c h 
17. 
diameter, b r a s s s l i p r i n g running a t 4000 ft./min. 
The mechanical p r e s s u r e of the brushes was f i x e d a t 
2 l b s / s q . i n . f o r the d u r a t i o n of the experiments, and 
the experiments took p l a c e under normal atmospheric 
c o n d i t i o n s . 
According to the types of c u r r e n t a p p l i e d 
to the brushes, the experimental work can be d i v i d e d 
i n t o four s e c t i o n s : -
(1) Experiments with h a l f s i n e wave c u r r e n t 
p u l s e s . 
(2) Experiments with square wave c u r r e n t 
p u l s e s . 
(3) Experiments with d i r e c t c u r r e n t . 
(4) Experiments without c u r r e n t . 
2.1. Brush and Surface Behaviour w i t h Half 
Sine Wave Current P u l s e s . 
Sine wave i s a good approximation to the 
waveform of c u r r e n t a t brushes i n a t h y r i s t o r machine, 
so the f i r s t experiments were c a r r i e d out using 
c u r r e n t p u l s e s as h a l f s i n e wave. These are p a r t i c u l a r l y 
simple to generate. 
The main o b j e c t of these experiments was 
to i n v e s t i g a t e the behaviour of brush and s l i p r i n g 
which occurred due to the passage of t h i s type of 
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c u r r e n t , and the p a r t i c u l a r time l a g between the a p p l i c a -
t i o n of the voltage and the passage of c u r r e n t from 
the brush to the s l i p r i n g . 
The c u r r e n t was s u p p l i e d from a cu r r e n t 
transformer through a diode, F i g . ( 3 . 1 . 1 . ) . 
An experimental t e s t was c a r r i e d out f o r 
168 hours to ob t a i n a general i d e a of the behaviour 
of the brush and the r i n g . S e v e r a l experiments each 
of a period of 100 hours were made by i n c r e a s i n g the 
cur r e n t g r a d u a l l y to determine the maximum c u r r e n t 
d e n s i t y t h a t could be worked without any damage 
to the s l i p r i n g . The cur r e n t d e n s i t i e s a p p l i e d were 
of the range 55-380 Amps./sq.in. A d d i t i o n a l t e s t s , 
again f o r 100 hours each, were c a r r i e d out w i t h 
c u r r e n t d e n s i t y of 400 Amps./sq.in. i n order to determine 
the r e l a t i o n s h i p between c u r r e n t d e n s i t y and wear. 
2.2. Brush and Surface Behaviour with 
Square Wave Current P u l s e s . 
I n these experiments the brushes were fed 
from a d.c. b a t t e r y , using t h y r i s t o r s to apply the 
cur r e n t i n p u l s e s as shown on F i g . (9 . £. 1. ) • The 
ob j e c t of these experiments was a l s o to i n v e s t i g a t e 
the time l a g between the a p p l i c a t i o n of voltage and 
the passage of c u r r e n t , where the pul s e wave here 
i s sharper and th e r e i s more p o s s i b i l i t y of any time 
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l a g which might appear being obvious. 
Brush wear due to the passage of c u r r e n t i n 
sharp edged p u l s e s was a l s o i n v e s t i g a t e d , and the 
voltage drop between the brushes was observed. 
S e v e r a l t e s t s i n the ranges of 55-380 Amps/sq. 
were c a r r i e d out f o r the time d u r a t i o n of 100 hours 
each. 
The i n v e s t i g a t i o n s were extended to a s p l i t 
r i n g and t e s t s were c a r r i e d out to show the e r o s i o n 
o c c u r r i n g when the brush i s turned near the edge of 
a commutator segment. T h i s c o n d i t i o n approaches t h a t 
found i n the t h y r i s t o r machine. 
2.3. Brush and Surface Behaviour 
w i t h D i r e c t Current. 
T e s t s were c a r r i e d out w i t h c u r r e n t d e n s i t y 
of 55 Amps/sq.in. f o r 100 hours each, and a l s o w ith 
80 Amps/sq.in. f o r 168 hours. 
The purpose of these experiments was to 
compare the e f f e c t s of the two above types of 
pulsed c u r r e n t w i t h those of steady c u r r e n t s a p p l i e d 
between brushes and a b r a s s r i n g . 
2.4. Brush and Surface Behaviour Without Current. 
These s e r i e s of t e s t s were c a r r i e d out to 
determine the r a t e of wear of an e l e c t r o g r a p h i t i c and 
m e t a l - g r a p h i t i c brush on b r a s s due t o purely mechanical 
20. 
c o n s i d e r a t i o n s . Brush types EG11S, EG16 and CM3H 
were i n v e s t i g a t e d f o r 100 hours d u r a t i o n each. 
Mechanical wear t e s t s were a l s o c a r r i e d out on the 
segmented r i n g . 
The f o l l o w i n g t a b l e s show summaries of the 
t e s t s c a r r i e d out i n these i n v e s t i g a t i o n s . 
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3. DESCRIPTION OF THE EQUIPMENT 
The equipment r e q u i r e d f o r h a l f s i n e wave 
cu r r e n t c o n s i s t e d o f : 
A voltage transformer to change the input v o l t a g e 
of the transformer g r a d u a l l y according to the 
re q u i r e d c u r r e n t d e n s i t y . 
The main c u r r e n t transformer b u i l t to provide high 
r a t e s of c u r r e n t . 
A c u r r e n t transformer to reduce the c u r r e n t from 
100 Amps, to 100 m.Amps., connected with a meter 
to enable the measurement on the main transformer 
to be used. 
The diode used to cut o f f h a l f the sine-wave was the 
BYX14(800). F i g . (3.1.1.) i l l u s t r a t e s the c i r c u i t . 
The equipment r e q u i r e d f o r square wave c u r r e n t 
c o n s i s t s of two t h y r i s t o r s used as a simple on-off 
s w i t c h , t u r n i n g o f f w i t h a cap a c i t a n c e to al l o w the 
curr e n t to be a p p l i e d i n p u l s e s . Current flows from 
the brush to the s l i p r i n g only when t h y r i s t o r (1) 
i s f i r e d . Fig.(9.£.1.) 
The t h y r i s t o r s used had a maximum peak MOITOWOB 
forward c u r r e n t r a t i n g of 1000 Amps, and a maximum 
peak r e v e r s e v o l t a g e of 500 v o l t s . (Mullard BTY99-
500 R) (see 9.1 and 9.2.) 
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Two double beam cathode r a y o s c i l l o s c o p e s 
were used f o r observing the waveforms of v o l t a g e s and 
c u r r e n t s and a l s o to enable observations to be made 
of the delay of c u r r e n t and the change of the 
voltage drop a g a i n s t time. Photomicrographic records 
were taken of the s l i p r i n g wear. 
The t h r e e r i n g s made of brass* of 1 inch 
width, and 10 inches diameter, were mounted on the 
s h a f t of the synchronous motor and i s o l a t e d from 
each other by t u f n o l d i s c s 1/4 in c h . t h i c k ^ s e e photograph) 
For the segmented r i n g t e s t s two b r a s s r i n g s 
9/16 inch t h i c k and 10.5 inches diameter, were d i v i d e d 
i n t o four segments i s o l a t e d from each other by t u f n o l 
1/8 i n c h t h i c k . 
The gate p u l s i n g a u x i l i a r y contact was made 
of a l t e r n a t e copper-tufnol segments, and was a l s o 
mounted on the s h a f t . I t was designed to f i r e the 
t h y r i s t o r s a l t e r n a t i v e l y twice f o r each r e v o l u t i o n . 
*The choice of b r a s s was purely one of convenience. 
I t i s p o s s i b l e of course t h a t the a l l o y metals i n the 
bras s may introduce a d d i t i o a n l c o m p l i c a t i o n s , but i n 
t h i s e a r l y study t h i s was not regarded as too 
s i g n i f i c a n t . 
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4. EXPERIMENTS WITH HALF SINE WAVE 
CURRENT PULSES . 
4.1. General 
T h i s s e r i e s of experiments was made i n order 
to determine the maximum d e n s i t y of h a l f s i n e wave 
cu r r e n t t h a t could be c a r r i e d continuously by EG11S, 
EG16 and CM3H brushes, under normal c o n d i t i o n s , 
without causing damage to the brush or the s l i p 
r i n g . 
The time l a g between the a p p l i c a t i o n of 
voltage and the passage of cu r r e n t was a l s o 
i n v e s t i g a t e d , and the voltage drop between the 
brushes was observed. The experiments comprised 
a s e r i e s of 100 hour t e s t s i n which a range of cu r r e n t 
d e n s i t i e s from 55-400 Amps/sq.in. was used. An 
a d d i t i o n a l experiment f o r a longer period(168 hours) 
at a cu r r e n t d e n s i t y of 110 Amps/sq.in. was a l s o 
undertaken. 
4.2. C l a s s i f i c a t i o n of Sparking. 
The f o l l o w i n g c l a s s i f i c a t i o n of sparking 
was used by McLaughlin (1951) t o d e s c r i b e the 
spark i n g observed i n h i s i n v e s t i g a t i o n , and i t w i l l 
be used i n the present work. 
Grade I Sparking. 
I n t e r m i t t e n t s parking between brush and 
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commutator. The sparks a r e i n a u d i b l e and have a 
b r i g h t b l u i s h green appearance. They wander at 
random along a contact edge or edges, and only 
a few, or sometimes none, are v i s i b l e a t a given 
moment. 
Grade I I Sparking. 
T h i s i s more in t e n s e than Grade I sparking, 
but the i n d i v i d u a l sparks appear to be of a s i m i l a r 
type. The general e f f e c t i s t h a t the sparks appear 
to be f l i c k e r i n g , r a t h e r than wandering. 
Grade I I I Sparking. 
T h i s type of sparking i s a u d i b l e as a sharp 
c r a c k l i n g n o i s e , which v a r i e s c o n s i d e r a b l y i n 
i n t e n s i t y . The b r i g h t n e s s and the c r o s s - s e c t i o n a l 
area of the sparks i s g r e a t e r than those of Grade I 
and I I . I n d i v i d u a l sparks appear i n t e r m i t t e n t l y or 
continuously at d e f i n i t e spots near the brush edge. 
Grade IV Sparking. 
T h i s type i s s i m i l a r i n appearance to 
Grade I I I sparking except f o r i t s colour which i s 
r e d d i s h , as d i s t i n c t from b l u i s h green. 
4.3. 100 Hours T e s t s . 
EG11S, EG16 and CM3H brush grades were 
t e s t e d f o r a range of d e n s i t i e s between 
29. 
55 and 400 Amps/sq.in. a t a brush p r e s s u r e of 
2 l b s . / s q . i n . and a s l i p r i n g p e r i p h e r a l speed 
of 4000 ft./min. 
The two brushes were run on the same r i n g . 
I n each experiment a constant c u r r e n t was passed from 
one brush "the p o s i t i v e " through the s l i p r i n g and 
out through the other brush "the negative". Three 
t e s t s were c a r r i e d out w i t h a c u r r e n t d e n s i t y of 
55 Amps/sq.in. to observe the delay of c u r r e n t . 
T h i s i s the order of c u r r e n t d e n s i t y to be expected 
i n T h y r i s t o r A s s i s t e d Commutation Machines. Als o 
t h r e e t e s t s were c a r r i e d out with c u r r e n t d e n s i t y 
400 Amps/sq.in. to i n v e s t i g a t e the e f f e c t s of very 
high c u r r e n t d e n s i t i e s . 
A brush w i t h a constant a r e a of 0.375 s q . i n . 
was used throughout these t e s t s . A f t e r each t e s t 
the s l i p r i n g and the s u r f a c e of the brushes were 
examined f o r damage, measured, cleaned and r e p l a c e d . 
4.4. Observat i o n s . 
4.4.1. T e s t s on EG11S brushes. 
No damage was observed to the s l i p r i n g s u r f a c e s 
a t c u r r e n t d e n s i t y of 400 Amps/sq.in. but e x c e s s i v e 
brush wear was observed. At t h i s d e n s i t y t h e r e was 
sparking a t the t r a i l i n g edge of the negative brush 
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which could be observed by the naked eye a f t e r 
50 hours run. The sparking observed was of Grade I 
and I I . At the p o s i t i v e brush s p a r k i n g was a l s o 
observed but a f t e r a longer time t h i s was l e s s 
i n t e n s e than a t the negative brush. The s p a r k i n g 
was only of Grade I . The brush appeared smooth, and 
f i n e grooves were observed on the brush and brush 
t r a c k . 
I n t h i s t e s t any. time lag between the application of the 
voltage and the passage of current was negligible i n comparison 
with the period of the wave. F i g . shows the wave form 
of the voltage applied to the brush and the contact voltage 
drop. 
The above r e s u l t s were observed w i t h smooth, 
c l e a n r i n g s u r f a c e s . I n a p a r t i c u l a r case when the 
s u r f a c e was rough, due to poor machining, a time 
l a g was observed. T h i s time l a g was v a r i a b l e and 
depended e n t i r e l y on the c u r r e n t d e n s i t y . I t 
became s m a l l e r with high d e n s i t y and became zero 
w i t h a c u r r e n t d e n s i t y of 150 Amps/Sq.in. Graphs 
of c u r r e n t d e n s i t i e s a g a i n s t time l a g f o r rough s u r f a c e s 
a r e shown i n F i g . (4.4.2P) . F i g . ( 4 . 4 . 2 . a . ) shows the 
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wave form of the c u r r e n t and the contact voltage 
drop w i t h rough s u r f a c e s where time l a g was observed. 
The degree of smoothness r e q u i r e d f o r no time l a g to be 
observed was of the order of 60. |x i n . C-L-A. 
Brush voltage drop c h a r a c t e r i s t i c s were obtained 
from the above s e r i e s of t e s t s . These a r e shown 
diagrammatically i n F i g . ( 4 . 4 . 3 . ) p l o t t e d a g a i n s t the 
time , and i n F i g . ( 4 . 4 . 4 . ) p l o t t e d a g a i n s t c u r r e n t 
d e n s i t i e s . F i g . ( 4 . 4 . 5 . ) shows the change of the wave 
form of the contact voltage drop and c u r r e n t due to the 
d e t e r i o r a t i o n of contact s u r f a c e s a f t e r 100 hours run 
w i t h c u r r e n t d e n s i t y of 400 Amps./sq.in. 
I n g e n e r a l , with high'current d e n s i t i e s t h e r e 
was ah i n c r e a s e i n the wear of the-brush. T h i s may be 
due to the attendant i n c r e a s e of heat. Brush c h a r a c t e r i s -
t i c s were p l o t t e d as the wear of the brush a g a i n s t c u r r e n t 
d e n s i t y i n F i g . ( 4 . 4 . 6 . ) and a g a i n s t time i n F i g . 
( 4 . 4 . 7 . ) . 
Since the c u r r e n t was p a s s i n g through the 
diode and the r i n g s were r o t a t i n g synchronously a t 
a speed of 1500 r.p.m. (25 r e v o l u t i o n per second), the 
c u r r e n t frequency being 50 c y c l e / s e c , i t i s c l e a r t h a t 
the c u r r e n t passed through the brushes twice during 
each r e v o l t u i o n of the :. ri n g s , causing two bars to be 
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marked on t h e s l i p r i n g t r a c k . 
The b l a c k e n i n g o f t h e r i n g t r a c k was observed 
i n a l l t h e e x p e r i m e n t s and i t s t h i c k n e s s depended 
on t h e c u r r e n t d e n s i t y . W i t h a c u r r e n t d e n s i t y o f 55 
Amps/sq.in. o n l y a s l i g h t b l a c k e n i n g was observed, b u t 
w i t h a c u r r e n t d e n s i t y o f 400 Amps/sq.in. a r a t h e r 
t h i c k e r f i l m was observed. The f i l m was c o l o u r e d , 
a l m o s t t e n d i n g t o b l u i s h - g r e y , t h i s may have been 
due t o o x i d a t i o n o r b u r n i n g caused by t h e h i g h 
c o n t a c t heat and s p a r k i n g . But no damage was observed 
on t h e r i n g t r a c k o r b r u s h s u r f a c e . For c u r r e n t 
d e n s i t i e s o f t h e range o f 55-380 Amps/sq.in. t h e 
b l a c k e n i n g was u s u a l l y a s s o c i a t e d w i t h c o l o u r e d 
p o r t i o n s . 
F i g . ( 4 . 4 . 8 . ) shows t h e b r u s h t r a c k o f EG11S 
grade a f t e r 168 hours r u n on t h e b r a s s r i n g and a t a 
c u r r e n t d e n s i t y 110 Amps/sq.in. a t t h e end o f an 
a c t i v e wave c u r r e n t F i g . ( 4 . 4 . 9 ) shows t h e same c o n d i t i o r 
a t t h e b e g i n n i n g o f an a c t i v e c u r r e n t wave F i g . ( 4 . 4 . 1 0 ) 
shows t h e b r u s h t r a c k f o r t h e same c o n d i t i o n , b u t a t t h e 
m i d d l e o f an a c t i v e c u r r e n t wave ,and F i g . ( 4 . 4 . 1 1 ) 
a t t h e m i d d l e o f an i n a c t i v e c u r r e n t wave where no 
c u r r e n t i s p a s s i n g . F i g . ( 4 . 4 . 1 2 ) shows t h e b r u s h 
t r a c k o f EG11S grade a f t e r 100 hour s r u n w i t h 400 
Amps/sq.i. c u r r e n t d e n s i t y . The b r u s h t r a c k o f 
33. 
EGllS grade u s i n g d i r e c t c u r r e n t i s shown i n F i g . 
(4.4.13) f o r 168 hours r u n w i t h c u r r e n t d e n s i t y 80 
Amps/sq.in. The b r u s h t r a c k o f EGllS grade f o r 100 
hours r u n w i t h o u t c u r r e n t i s shown i n F i g . ( 4 . 4 . 1 4 ) . 
4.4.2. T e s t s on EG16 brushes 
A s e r i e s o f t e s t s s i m i l a r t o t h o s e d e s c r i b e d 
above was r e p e a t e d w i t h a p a i r o f EG16 brush e s . The 
performance o f t h e two b r u s h grades p r o v e d t o be v e r y 
significant 
s i m i l a r w i t h t h e EGllS brushes no/time l a g was observed 
between t h e a p p l i c a t i o n o f v o l t a g e and t h e passage o f 
c u r r e n t . But t h e c o n t a c t v o l t a g e d r o p between t h e 
brushes was s m a l l e r w i t h t h e EG16 brush e s . F i g . ( 4 . 4 . 4 . ) 
shows d i a g r a m m a t i c a l l y t h e v o l t a g e drop between t h e 
brushes a g a i n s t c u r r e n t d e n s i t i e s , and F i g . ( 4 . 4 . 1 5 ) 
a g a i n s t t i m e . F i g . (4.4.16) shows t h e change o f 
t h e wave f o r m o f t h e c o n t a c t v o l t a g e d r o p and c u r r e n t 
due t o t h e d e t e r i o r a t i o n o f c o n t a c t s u r f a c e s a f t e r 
100 hours r u n w i t h c u r r e n t d e n s i t y o f 400 Amps/sq.in. 
For c u r r e n t d e n s i t y o f 400 Amps/sq.in. s p a r k i n g 
was observed by t h e naked eye a t t h e n e g a t i v e b r u s h 
a f t e r about 60 hours r u n . 
. No r e a l damage was observed on t h e b a r s o f t h e 
s l i p r i n g . Only m a r k i n g o f d i f f e r e n t t y p e s o f c o l o u r 
f i l m was observed on t h e r i n g t r a c k dependent on t h e 
34. 
c u r r e n t d e n s i t y , and due t o t h e h i g h s u r f a c e 
t e m p e r a t u r e and s p a r k i n g . Brush wear p l o t t e d a g a i n s t 
c u r r e n t d e n s i t i e s i s shown d i a g r a m m a t i c a l l y i n 
F i g . ( 4 . 4 . 6 , ) and a g a i n s t t i m e i n F i g . ( 4 . 4 . 7 ) 
4.4.3. T e s t s on CM3H Brushes. 
No t i m e l a g was observed between t h e a p p l i c a t i o n 
o f t h e v o l t a g e and t h e passage o f c u r r e n t F i g . ( 4 . 4 . 1 7 ) . 
But heavy wear was observed on t h e r i n g t r a c k w i t h 
400 Amps/sq.in. A f t e r 100 hours r u n t h e r i n g 
p i t t e d 
appeared r o u g h and h e a v i l y iMMMtaaaapl on some o f t h e 
a c t i v e p a r t s o f t h e r i n g where c u r r e n t passed. T h i s 
damage was observed on t h e l a s t 25 h o u r s . No damage 
o r m a r k i n g was observed on t h o s e areas where no c u r r e n t 
was passed. Grooves were observed on t h e b r u s h t r a c k 
and t h e b r u s h i n t h e d i r e c t i o n o f m o t i o n . A l s o 
p i t t i n g 
some p M t a r i H K and roughness were observed on t h e 
t r a i l i n g edge o f t h e n e g a t i v e b r u s h . B l a c k e n i n g 
was n o t e d on t h e l e a d i n g edge o f t h e p o s i t i v e b r u s h . 
The v o l t a g e drop between t h e brushes was 4-5 
t i m e s s m a l l e r t h a n t h a t observed w i t h t h e e l e c t r o g r a -
p h i t i c b r u s h e s . F i g . ( 4 . 4 . 4 ) show t h e c o n t a c t 
v o l t a g e drop a g a i n s t c u r r e n t d e n s i t i e s . A l s o F i g . 
(4.4.7) shows t h e wear o f t h e b r u s h a g a i n s t t i m e . 
F i g . ( 4 . 4 . 8 . ) shows t h e b r u s h t r a c k o f CM3H grade f o r 
100 hours r u n w i t h c u r r e n t d e n s i t y 400 Amps/sq.in., 
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and F i g . ( 4 . 4 . 1 9 ) shows t h e change o f t h e shape o f 
c o n t a c t v o l t a g e d r o p and c u r r e n t due t o t h e d e t e r i o r a t i o n 
o f t h e c o n t a c t s u r f a c e s . 
4.5. E x a m i n a t i o n o f Brush T r a c k and Brush. 
A t t h e c o n c l u s i o n o f each t e s t w i t h e l e c t r o -
g r a p h i t i c brushes EG11S and EG16 w i t h 400 Amps/sq.in. 
t h e b r u s h t r a c k was examined under a microscope w i t h 
a m a g n i f i c a t i o n o f 20 t i m e s . The major p o r t i o n o f 
t h e b r u s h t r a c k appeared as a number o f a l t e r n a t e 
d a r k and l i g h t bands. The c o l o u r o f t h e s e bands v a r i e d 
f r o m t h a t o f s l i g h t l y o x i d i z e d copper, t h r o u g h r e d d i s h 
brown t o b l a c k . The b a r s w h i c h appeared b l a c k t o t h e 
naked eye a l s o had a s t r i p p e d appearance under t h e 
m icroscope, F i g . ( 4 . 4 . 1 2 . ) . The bands were i n t h i s 
case o f a brown o r b l a c k c o l o u r . Under t h e microscope 
t h e b r u s h s u r f a c e appeared as a smooth s u r f a c e 
s p a r s e l y covered w i t h f i n e r e d d i s h brown powder. 
4.6. The Wear/Time Cur^e 
The e x p e r i m e n t s w i t h c u r r e n t d e n s i t y o f 
400 Amps/sq.in. was r e p e a t e d f o r t h e t h r e e t y p e s o f 
b r u s h e s , t o i n v e s t i g a t e t h e g r a d u a l wear o f t h e 
b r u s h w i t h t i m e , b e f o r e and a f t e r t h e o b s e r v a t i o n o f 
s p a r k i n g . The brushes were removed e v e r y 25 hours^ 
measured, and r e p l a c e d . F i g . ( 4 . 4 . 7 . ) shows t h e wear/ 
t i m e c u r v e , w h i c h demonstrates t h a t t h e r a t e o f wear 
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a f t e r t h e appearance o f s p a r k i n g f o r b o t h p o l a r i t i e s 
and t h e t h r e e t y p e s o f brushe s . 
F i g . ( 4 . 6 . 2 0 ) shows t h e w e a r / t i m e c u r v e , f o r 
EG11S, EG16 and CM3H brushes r u n n i n g w i t h o u t c u r r e n t 
w i t h c o n t a c t MM 0.375 s q . i n . f o r 100 h o u r s . The 
almost l i n e a r a r e a demonstrates t h a t t h e wear o f t h e 
b r u s h w i t h o u t c u r r e n t i s much s m a l l e r t h a n w i t h c u r r e n t , 
where t h i s wear i s due almost e n t i r e l y t o f r i c t i o n 
and m e c h a n i c a l a b r a s i o n . 
4.7. R e s u l t s . 
The above s e r i e s o f t e s t s w i t h h a l f s i n e wave 
c u r r e n t p u l s e s i n d i c a t e s r e s u l t s w h i c h may be summarized 
as f o l l o w s : -
1. I n v e s t i g a t i o n s w i t h brushes o f EG11S, EG16 
and CM3H showed t h a t t h e y can be used a t normal b r u s h 
p r e s s u r e , 2 l b s / s q . i n . w i t h 400 Amps/sq.in. f o r , i n t h e 
case o f t h e EG11S and EG16 brushes, c o n s i d e r a b l e 
p e r i o d s {100 h o u r s , ( a n d p r o b a b l y much l o n g e r ) , and i n 
t h e case o f t h e CM3H b r u s h , 50 h o u r s , w i t h o u t any 
s i g n i f i c a n t damage o c c u r r i n g t o t h e s l i p r i n g , b u t t h e r e 
i s e x c e s s i v e b r u s h wear. 
signif icant. . 
2. There i s no/time l a g between t h e a p p l i c a t i o n 
o f v o l t a g e and t h e passage o f c u r r e n t w i t h EG11S, 
EG16 and CM3H b r u s h grades and c l e a n , smooth s u r f a c e s . 
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3. The wear o f t h e b r u s h i n c r e a s e s as t h e c u r r e n t 
d e n s i t y i n c r e a s e s . W i t h e l e c t r o g r a p h i t i c b r u s h e s , 
t h e wear on t h e n e g a t i v e b r u s h i s g r e a t e r t h a n t h a t 
on t h e p o s i t i v e b r u s h , and t h e r e v e r s e i s t h e case 
w i t h m e t a l l i c b rushes. A l s o , when s p a r k i n g o c c u r s , 
i t causes a r a p i d i n c r e a s e o f b r u s h wear. 
4. The wear o f t h e b r u s h i s much s m a l l e r w i t h 
h a l f - s i n e wave c u r r e n t t h a n w i t h d i r e c t c u r r e n t f o r 
e i t h e r p o l a r i t y u s i n g t h e t h r e e t y p e s o f brushe s . 
5. Wear o f t h e EGllS b r u s h grade i s s m a l l e r t h a n 
t h a t f o r brushes o f grade CM3H and g r e a t e r t h a n t h a t 
f o r brushes o f grade EG16, f o r t h e same duiiattLon o f 
c u r r e n t d e n s i t i e s . 
6. I n v e s t i g a t i o n s w i t h E G l l S , EG16 and CM3H 
brushes grades showed t h a t g r e a t e r wear o c c u r r e d 
r u n n i n g t h e b r u s h w i t h c u r r e n t t h a n i n r u n n i n g t h e 
b r u s h w i t h o u t c u r r e n t . 
7. The f o r m a t i o n o f a b l a c k o r c o l o u r f i l m on t h e 
s l i p r i n g can be c o n t i n u o u s and may occur due t o t h e 
c o n t a c t heat and s p a r k i n g . 
4.8. D i s c u s s i o n o f t h e R e s u l t s . 
The above r e s u l t s show t h a t w i t h t h e t h r e e 
t y p e s o f b r u s h g rades, t h e r e i s no' a p p r e c i a b l e t i m e 
l a g between t h e a p p l i c a t i o n o f v o l t a g e and t h e 
passage o f c u r r e n t . To show t o what e x t e n t t h i s f a c t 
w i l l a f f e c t t h y r i s t o r a s s i s t e d commutation machines t h e 
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f o l l o w i n g c a l c u l a t i o n i s c i t e d . I n a t h y r i s t o r 
machine o f 10 i n c h e s d i a m e t e r , and 16 t a p p i n g s , i f 
t h e speed i s 3000 r.p.m. t h e t i m e o f commutation 
w i l l be t , where c 
1 
t = ' sec. 
c 50 X 32 
1000,000 
= ( i . sec. 
1600 
= 625 (I.sec. 
I f t h e speed i s 6000 r.p.m. t h e n t h e t i m e o f 
commutation w i l l be o n l y t ' , where 
c 
t 1 = 312.5 (x.sec. 
c 
Any r e d u c t i o n i n commutation t i m e due t o 
t i m e l a g s on s w i t c h i n g on, reduces t h e c u r r e n t 
commutating a b i l i t y o f t h e machine. 
The t e s t s i n d i c a t e , however t h a t t h e r e i s a 
t i m e l a g w i t h r o u g h r i n g s u r f a c e . T h i s may be due t o 
ft alaw tawild up, Ahfc t i m e r e q u i r e d f o r c o n t a c t t o be 
e s t a b l i s h e d . T h i s t i m e l a g may be e l i m i n a t e d by g i v i n g 
t h e b r u s h v e r y h i g h m e c h a n i c a l p r e s s u r e , b u t e x c e s s i v e 
b r u s h wear w i l l a l s o ensue. I t f o l l o w s t h a t t h e s u r f a c e 
s h o u l d be k e p t as smooth as p o s s i b l e . I n t h e o r y i t 
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m i g h t be expe c t e d t h a t t i m e l a g would be caused by 
t h e e v e n t u a l f o r m a t i o n o f f i l m on t h e s u r f a c e , b u t 
i n p r a c t i c e t h i s d i d not happen, and no r e a l d e l a y was 
observed a f t e r 100 hour s r u n , F i g . ( 4 . 4 . 5 . ) , - F i g . ( 4 . 4 . 1 6 ) 
and F i g . ( 4 . 4 . 1 9 ) • 
The r e s u l t s o f t h e above t e s t s w i t h b o t h 
t y p e s o f e l e c t r o g r a p h i t i c brushes show t h a t t h e r e 
was a r e d u c t i o n i n wear o f EG16 brushes compared w i t h 
t h a t o f t h e EG11S brushes. T h i s r e d u c t i o n i s 
e x p l a i n e d by t h e s p a r k i n g w h i c h appeared t o t h e 
naked eye a f t e r 60 hours r u n w i t h EG16 and o n l y a f t e r 
50 hours w i t h EG11S t y p e . A l s o s p a r k i n g a t t h e 
n e g a t i v e b r u s h appeared t o be more severe w i t h 
EG11S t h a n w i t h EG16 b r u s h grade. T h i s suggests t h a t 
EG16 brushes s h o u l d be used t o a v o i d wear and damage 
due t o s p a r k i n g . 
The b r u s h wear caused by d i r e c t c u r r e n t was 
much g r e a t e r t h a n t h a t caused by h a l f s i n e wave 
c u r r e n t f o r b o t h p o l a r i t i e s and t h e t h r e e t y p e s o f 
brushes. The r e s u l t s show t h a t t h e r a t i o o f wear o f 
d i r e c t c u r r e n t t o h a l f s i n e wave c u r r e n t i s o f t h e 
o r d e r o f 3 o r 4:1 f o r t h e t h r e e b r u s h grades. I t was 
a l s o f o u n d t h a t w i t h EG11S, EG16 and CM3H grade 
brushes r u n n i n g w i t h o u t c u r r e n t on a b r a s s r i n g , t h e 
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b r u s h wear was much s m a l l e r t h a n t h a t observed w i t h 
t h e same grade brushes c a r r y i n g c u r r e n t under t h e 
same c o n d i t i o n s . For example, f o r 100 hours t e s t s 
w i t h 400 Amps/sq.in. t h e wear w i t h EGllS would be 
g r e a t e r - about 12 t i m e s i n t h e n e g a t i v e b r u s h and 
about 8 t i m e s i n t h e p o s i t i v e b r u s h . W i t h EG16 t h i s 
r a t i o would be o f t h e o r d e r o f 9 t i m e s i n t h e 
n e g a t i v e b r u s h and 7 t i m e s i n t h e p o s i t i v e b r u s h . 
W i t h CM3H t h e r a t i o would be o f t h e o r d e r o f 6 t i m e s 
i n t h e n e g a t i v e b r u s h and 8 t i m e s i n t h e p o s i t i v e 
b r u s h . 
The b r u s h wear w i t h o u t c u r r a n t i s c l e a r l y 
due e n t i r e l y t o f r i c t i o n and mechanical a b r a s i o n . 
But w i t h c u r r e n t t e s t s , a d d i t i o n a l f a c t o r s such 
as s p a r k i n g must be c o n s i d e r e d . F i g . ( 4 . 6 . 2 0 ) shows 
t h e almost l i n e a r w ear/time c u r v e w i t h c u r r e n t l e s s 
t e s t s and c o n t a c t a r e a 0.375 s q . i n . 
The wear/time c u r r e n t w i t h c u r r e n t t e s t s shows 
t h a t s p a r k i n g caused e x c e s s i v e b r u s h wear. T h i s can 
be reduced by i n c r e a s i n g t h e b r u s h p r e s s u r e , b u t t h e n 
t h e r e w i l l be o v e r h e a t i n g f r o m f r i c t i o n a l l o s s e s and 
e x c e s s i v e wear by mechanical a b r a s i o n ; , c o n s e q u e n t l y 
i t i s necessary t o o p e r a t e i n a zone w i t h i n w h i c h 
l o s s e s and wear a r e not a f f e c t e d t o any major degree 
by t h e b r u s h p r e s s u r e . 
4 1 . 
F i n a l l y , t h e r e s u l t s show t h a t t h e brushes 
. fair 100 h«tfl»: . can be r u n w i t h 400 Amps/sq.in./ w i t h o u t damaging 
t h e r i n g . Thus i t may be s a i d t h a t t h e brushes can 
be r u n on a t h y r i s t o r machine w i t h a peak d e n s i t y 
e q u a l t o t h i s . Bhwa tho pft»t bttuohoo on tho tit^mmm^mv 
iMbmm*m nwmntMMO no a o i n g l a hiBMHh foww *im&&-&ii&'*mdM* ••<• 
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5. EXPERIMENTS WITH SQUARE WAVE 
CURRENT PULSES. 
5.1. General 
The o b j e c t o f t h i s s e r i e s o f t e s t s was t o 
det e r m i n e whether the a p p l i c a t i o n o f h i g h c u r r e n t 
d e n s i t y p u l s e s w i t h h i g h r a t e s o f r i s e would cause 
a p p r e c i a b l e damage t o t h e s u r f a c e o f EG11S, EG16 
and CM3H brushes on s l i p r i n g b a r s . 
The t h y r i s t o r s w i t c h was desig n e d t o a l l o w 
t h e p u l s e s o f c u r r e n t t o be a p p l i e d t w i c e d u r i n g each 
r e v o l u t i o n o f t h e r i n g s , t h a t i s , t o pass t h r o u g h two 
o f t h e f o u r q u a d r a n t s o f t h e r i n g . The wear o f t h e 
brushes was s t u d i e d and t h e d e l a y o f t h e c u r r e n t 
f o l l o w i n g t h e a p p l i c a t i o n o f v o l t a g e was a l s o 
m o n i t o r e d d u r i n g t h e t e s t s . 
The e x p e r i m e n t s c o n s i s t e d o f f o u r t e s t s o f 
100 hours each u s i n g EG11S and EG16 grades a t c u r r e n t 
d e n s i t i e s o f 55 and 110 Amps/sq.in. A br u s h w i t h a 
c o n s t a n t a r e a o f 0.375 s q . i n . was used i n t h e 
e x p e r i m e n t . Four t e s t s f o r 100 hours each were c a r r i e d 
o u t w i t h c u r r e n t d e n s i t i e s i n t h e range o f 150-380 
Amps/sq.in. u s i n g EG11S brushes and EG16 brushes. 
A l s o a n o t h e r t h r e e t e s t s were c a r r i e d o u t w i t h EG11S, 
EG16 and CM3H brushes f o r 100 hours each and 380 
Amps/sq.in. For the s e t e s t s brushes o f c o n t a c t a r e a 
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0.09 s q . i n . were used. T h i s r e d u c t i o n i n a r e a was 
necessary i n o r d e r t o o b t a i n t h e s e h i g h c u r r e n t 
d e n s i t i e s w i t h t h e a v a i l a b l e c u r r e n t s u p p l i e s . I n 
o r d e r t o a f f e c t t h e s t a b i l i t y o f t h e brushes as 
l i t t l e as p o s s i b l e o n l y t h e i r l e n g t h and n o t t h e i r 
w i d t h was reduced. The b r u s h p r e s s u r e was 2 l b s / s q . i n . 
f o r t h e d u r a t i o n o f a l l t h e e x p e r i m e n t s , and t h e s l i p 
r i n g p e r i p h e r a l speed 4000 f t . / m i n . A f t e r each t e s t 
t h e r i n g and t h e b r u s h were examined f o r damage, 
measured, c l e a n e d and r e p l a c e d . 
5.2. Observat i o n s . 
5.2.1. T e s t s on EGllS Brushes. 
N o ^ a f i S n < t i m e l a g was observed between t h e 
a p p l i c a t i o n o f v o l t a g e and t h e passage o f c u r r e n t . 
L i k e t h e h a l f s i n e wave, t h e c u r r e n t s t a r t s t o f l o w 
i m m e d i a t e l y upon t h e a p p l i c a t i o n o f v o l t a g e . T h i s 
i s shown i n F i g . ( 5 . 2 . 1 . ) w h i c h shows t h e wave f o r m o f 
c u r r e n t a p p l i e d t o t h e b r u s h and t h e c o n t a c t v o l t a g e drop. 
No damage was observed t o e i t h e r b r u s h o r 
s l i p r i n g a t c u r r e n t d e n s i t y o f 300 Amps/sq.in. A t 
380 Amps/sq.in. f i n e grooves were observed on t h e 
b r u s h t r a c k i n t h e d i r e c t i o n o f m o t i o n . A l s o a f t e r 
t h i s t e s t a l l t h e p u l s e d b a r s showed a p p r e c i a b l e 
b l a c k e n i n g , h u t no r e a l damage was observed t o 
s l i p r i n g s u r f a c e . The b a r s t h a t were not p u l s e d 
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were unmarked. 
A f t e r 100 hours r u n t h e b r u s h appeared 
smooth and f i n e l y grooved, and was covered w i t h a 
f i n e r e d d i s h brown powder. S p a r k i n g o f Grade I and 
I I was observed, on b o t h p o s i t i v e and n e g a t i v e b r u s h . 
*i—*a-Hpggg*folfr t h n t tj>agfajnag dun t o avBwlaadAttg^af 
%J^-auiHM«tMMhfc£agB For c u r r e n t d e n s i t y below 
300 Amps/sq.in. t h e m a r k i n g observed on t h e b r u s h 
t r a c k was o f a c o l o u r between b l a c k and r e d d i s h g r e y . 
I n g e n e r a l , t h e r e was an i n c r e a s e o f b r u s h 
wear w i t h h i g h e r c u r r e n t d e n s i t i e s due t o an 
i n c r e a s e o f h e a t and s p a r k i n g . F i g . ( 5 . 2 . 2 . ) shows 
t h e wear o f t h e b r u s h p l o t t e d a g a i n s t c u r r e n t 
d e n s i t i e s . Brush v o l t a g e drop c h a r a c t e r i s t i c s were 
a l s o o b t a i n e d f r o m t h e above s e r i e s o f t e s t s . These 
a r e shown d i a g r a m m a t i c a l l y i n F i g . (5.2.3) a g a i n s t t i m e 
and F i g . ( 5 . 2 . 4 . ) a g a i n s t c u r r e n t d e n s i t y . 
5.2.2. T e s t s on EG16 Brushes. 
No t i m e l a g was observed between t h e a p p l i c a t i o n 
o f v o l t a g e and t h e passage o f c u r r e n t . A l s o no 
damage was observed t o e i t h e r b r u s h o r s l i p r i n g 
a t c u r r e n t d e n s i t y o f 380 Amps/sq.in. At t h i s 
d e n s i t y c o l o u r marks o f a r e d d i s h g r e y appearance and 
f i n e grooves were observed on t h e b r u s h t r a c k . The 
b r u s h was smooth and covered w i t h a f i n e powder. 
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S p a r k i n g o f Grade I and I I was a l s o observed on b o t h 
p o s i t i v e and n e g a t i v e b r u s h e s . F i g . ( 5 . 2 . 2 . ) shows 
t h e wear o f t h e b r u s h a g a i n s t c u r r e n t d e n s i t i e s . 
F i g . ( 5 . 2 . 4 . ) and F i g . ( 5 . 2 . 5 . ) show t h e c o n t a c t 
v o l t a g e d r o p a g a i n s t c u r r e n t d e n s i t i e s and a g a i n s t 
t i m e . 
F i g . (5.2.6.) shows t h e b r u s h t r a c k o f 
EG16 grade b r u s h f o r 100 hours r u n w i t h c u r r e n t 
d e n s i t y o f 380 Amps/sq.in. 
5.2.3. T e s t s on CM3H Brushes. 
As w i t h EG11S and EG16 grade brushes, no 
t i m e l a g was observed between t h e a p p l i c a t i o n o f 
v o l t a g e and t h e passage o f c u r r e n t w i t h t h i s t y p e 
o f b r u s h , F i g . ( 5 . 2 . 7 . ) . But a f t e r t e s t i n g a t 
380 Amps/sq.in. 100 h o u r s , t h e r i n g was rough and 
pitting 
h e a v i l y grooved. A l s o pwnotwwing was observed i n 
some o f t h e r i n g b a r s where c u r r e n t passed. No 
mark i n g was observed where no c u r r e n t passed. The 
damage was observed i n t h e l a s t 2 5 h o u r s . The 
bru s h a l s o appeared grooved and covered w i t h a 
f i n e powder. 
F i g . (5.2.8.) shows t h e b r u s h t r a c k o f 
CM3H grade f o r 100 hours w i t h c u r r e n t d e n s i t y o f 
380 Amps/sq.in. 
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5.3. R e s u l t s . 
The above s e r i e s o f t e s t s w i t h square wave 
c u r r e n t p u l s e s produced r e s u l t s w h i c h may be 
summarized as f o l l o w s : -
1 . The brushes o f t h e EGllS and EG16 grades 
s t u d i e d can be r u n w i t h 380 Amps/sq.in. f o r 100 
hours (and may be much l o n g e r ) w i t h o u t any damage 
o c c u r r i n g t o t h e s l i p r i n g b u t t h e r e i s e x c e s s i v e 
b r u s h wear. 
2. Brushes o f CM3H grade i n v e s t i g a t e d can 
l i k e w i s e r u n w i t h 380 Amps/sq.in. f o r 50 hours w i t h o u t 
any damage o c c u r r i n g t o t h e s l i p r i n g b u t a g a i n 
t h e r e i s e x c e s s i v e b r u s h wear. 
3. N o ^ i m e n t l a g was observed between t h e 
a p p l i c a t i o n o f v o l t a g e and t h e passage o f ^ c u r r e n t 
w i t h t h e t h r e e grades o f brushes. 
4. The wear o f t h e b r u s h w i t h square wave 
c u r r e n t i s much s m a l l e r t h a n w i t h d i r e c t c u r r e n t 
f o r e i t h e r p o l a r i t y and t h e t h r e e t y p e s o f brushe s . 
5. The f o r m a t i o n o f a b l a c k o r c o l o u r f i l m on 
t h e s l i p r i n g i s c o n t i n u o u s and may be due t o t h e 
h i g h c o n t a c t heat and s p a r k i n g . 
6. I n v e s t i g a t i o n s w i t h E G l l S , EG16 and CM3H 
bru s h grades showed t h a t r u n n i n g t h e b r u s h w i t h 
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square wave c u r r e n t s caused much g r e a t e r b r u s h wear 
t h a n r u n n i n g t h e b r u s h w i t h o u t any c u r r e n t . 
7. The wear o f t h e b r u s h i n c r e a s e s as t h e 
c u r r e n t i n c r e a s e s . I t i s g r e a t e r w i t h EG11S t h a n 
w i t h EG16, and s m a l l e r t h a n w i t h CM3H. A l s o w i t h 
e l e c t r o g r a p h i t i c b r u s h t h e wear on t h e n e g a t i v e 
b r u s h i s g r e a t e r t h a n t h a t on t h e p o s i t i v e b r u s h 
and t h e r e v e r s e i s t h e case w i t h t h e m e t a l l i c b r u s h . 
5.4. D i s c u s s i o n o f t h e R e s u l t s . 
I n t h y r i s t o r machines t h e brushes a r e f e d 
w i t h c u r r e n t i n p u l s e s . The commutator c o n s i s t s o f 
a c t i v e segments and i n a c t i v e segments. Thus t h e 
t i m e l a g between t h e a p p l i c a t i o n o f v o l t a g e and 
t h e passage o f c u r r e n t , and a l s o t h e wear o f t h e 
br u s h w i t h t h i s t y p e o f c u r r e n t , must be t a k e n 
i n t o c o n s i d e r a t i o n . 
The r e s u l t s w i t h square wave c u r r e n t s show 
t h a t w i t h EG11S, EG16 and CM3H grade brushes t e s t e d 
no t i m e l a g was observed between t h e a p p l i c a t i o n 
o f v o l t a g e and t h e passage o f c u r r e n t . As 
mentioned p r e v i o u s l y t h i s i s i m p o r t a n t f a c t o r w i t h 
r e g a r d t o t h y r i s t o r machines because a maximum 
commutation t i m e can t h e r e b y be a c h i e v e d . The 
o n l y t i m e d e l a y i n t h e c i r c u i t i s t h u s t h e f i r i n g 
t i m e t u r n - o f f o f t h e t h y r i s t o r . T h i s t i m e i s o f 
the order of 5 f i . s e c . f o r the t h y r i s t o r (BTY 99 
500R) which was used. As t h i s turn-on time i s 
constant f o r any c u r r e n t i t can be accounted f o r 
i n the s e t t i n g up of the machine. 
The above r e s u l t s show t h a t the brush wear 
caused by d i r e c t c u r r e n t i s much g r e a t e r than t h a t 
caused by square wave c u r r e n t f o r the three types 
of brushes used. I t was expected t h a t the r a t i o of 
wear due to d i r e c t c u r r e n t to wear due to square 
wave c u r r e n t would be of the order 2:1 s i n c e the 
square wave c u r r e n t passes f o r only h a l f of the 
time. I n f a c t t h i s was not so. The r e s u l t s showed 
that t h i s r a t i o of wear i s of the order of 3 or 3*5:1 
f o r the same du r a t i o n and cur r e n t d e n s i t y . T h i s 
may be due to i n c r e a s e d sparking and r a i s i n g the 
s u r f a c e temperature. 
The r e s u l t s i n d i c a t e t h a t the brush wear 
with square wave c u r r e n t i s more than t h a t with 
s i n e wave c u r r e n t f o r the same du r a t i o n and peak c u r r e n t 
d e n s i t i e s . T h i s i s shown diagrammatically i n 
Fi g . ( 5 . 4 . 1 . ) p l o t t e d as a r a t i o wear a g a i n s t peak 
cu r r e n t d e n s i t y . The curves show that the r a t i o 
of wear i n c r e a s e s as the c u r r e n t d e n s i t y i n c r e a s e s . 
T h i s i n c r e a s e of brush wear i s due to the longer 
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d u r a t i o n of the peak c u r r e n t , i n the case of square 
wave. I t i s more l i k e l y i n t h y r i s t o r machines t h a t 
l e s s brush wear i s caused by s i n e wave c u r r e n t s 
s i n c e the cur r e n t p u l s e s a p p l i e d to the brush i n 
t h y r i s t o r machines a r e t r i a n g u l a r and not square 
wave as has been shown i n ( 1 . 4 . ) * With average 
cu r r e n t d e n s i t y t h i s r a t i o w i l l drop and the brush 
wear w i l l be almost the same as shown i n F i g . ( 5 . 4 . 2 . ) . 
I n comparison, t e s t s made without c u r r e n t 
have shown much l e s s brush wear than i n those t e s t s 
made with square wave c u r r e n t , f o r the same grades 
and the same du r a t i o n . 
The f i l m which was observed on the brush 
t r a c k , may be due to o x i d a t i o n or burning due t o the 
high contact heat and sparking, and the wear of 
the brush, may be due to melting by f r i c t i o n and 
spark i n g . 
With 380 Amps/sq.in. c u r r e n t d e n s i t y , and 
a f t e r 100 hours run, the pulsed bars showed 
ap p r e c i a b l e blackening and marking, p a r t i c u l a r l y 
at the beginning of each p u l s e . T h i s may be due to 
the high r a t e of r i s e of the pu l s e c u r r e n t , as has 
been suggested by McLaughlin (1951). 
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6. SPLIT RING TESTS 
6.1. General 
I n the t h y r i s t o r machine t h e r e a r e a l t e r n a t e 
a c t i v e segments and i n a c t i v e segments, F i g . ( 1 . 4 . ) . 
Current i s passed only when a brush i s f u l l y i n 
contact w i t h an a c t i v e segment. The commutating 
time i s determined by the d i f f e r e n c e between the 
segment width and two brush widths, and not by the 
brush width only. I n sm a l l t h y r i s t o r commutators, 
i f the width of the segments i s f o r i n s t a n c e 1 inch, 
and the width of the brush 1/2 inch, F i g . ( 6 . 1 . 1 . ) y 
then the time of commutation i s very l i m i t e d , 
p a r t i c u l a r l y w i t h high speeds. The time of commut-
a t i o n could be i n c r e a s e d by t u r n i n g the cur r e n t 
on before the brush was f u l l y on one segment and 
t u r n i n g i t o f f a f t e r the brush had s t a r t e d to 
l e a v e . A brush s i t t i n g p a r t l y on an a c t i v e , and 
p a r t l y on an i n a c t i v e segment g i v e s r i s e to a very 
u n c e r t a i n c o n t a c t . The t e s t s d e s c r i b e d i n t h i s 
chapter were made to determine the e r o s i o n t h a t 
occurs when a brush i s used under these c o n d i t i o n s . 
For the experiment a s p l i t r i n g was made 
of b r a s s 3/4 in c h wide and 10.5 in c h i n diameter. 
The r i n g c o n s i s t e d of four segments separated 
from each other by a i r gaps. Two opposite 
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segments were connected e l e c t r i c a l l y together to 
pass c u r r e n t . The width of the gaps were of the 
order of 1/16 of an i n c h . The r i n g was mounted on 
the s h a f t of the motor. The experiments c o n s i s t e d 
of three t e s t s f o r 20 hours d u r a t i o n each. 
6.2. 20 Hour T e s t s 
EG16 brush grades were t e s t e d w i t h a c u r r e n t 
d e n s i t y of 300 Amps/sq.in., a brush p r e s s u r e of 
2 l b s . / s q . i n . and a s l i p r i n g p e r i p h e r a l speed of 
4100 ft./min. A t e s t was c a r r i e d out f o r 20 hours 
without c u r r e n t to i n v e s t i g a t e the brush wear 
o c c u r r i n g due to mechanical a b r a s i o n and f r i c t i o n . 
The two brushes were run on the same s l i p r i n g . 
A brush w i t h an constant a r e a of 0.09 s q . i n . 
was used i n the experiments. A f t e r each t e s t the 
s l i p r i n g and the brushes were examined f o r damage, 
measured, cleaned and r e p l a c e d . F i g . ( 6 . 2 . 1 ) shows 
the wave form of the c u r r e n t a p p l i e d to the brush and 
the contact voltage drop. The c u r r e n t was turned o f f 
by the t h y r i s t o r s w i t c h before the brush reaches the 
end of the a c t i v e segment. 
6.3. Observat i o n s . 
A f t e r 20 hours run with a c u r r e n t d e n s i t y of 
300 Amps/sq.in. and e a r l y f i r i n g , darkening was 
observed on the a c t i v e segment d e s t r i b u t e d along 
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the contact a r e a . At the beginning of the a c t i v e 
segment where the brush was turned on, heavy e r o s i o n 
was observed. The marking tended to grey and there 
seemed to be burning due to spa r k i n g . T h i s marking 
was a s s o c i a t e d with s u r f a c e puncturing and roughness. 
S l i g h t blackening was a l s o observed on the i n a c t i v e 
segment. The brush appeared smooth, but roughness 
and puncturing were a l s o observed on the l e a d i n g 
edge of the p o s i t i v e brush. I t was observed t h a t 
a f t e r 20 hours run without c u r r e n t , t r a n s f e r r e d 
g r a p h i t e was d e s t r i b u t e d along the contact a r e a . 
6.4. Summary of Above R e s u l t s . 
1. Heavy e r o s i o n and burning i s caused to the 
brush and segment due to sparking when a brush i s 
turned on e a r l y , i . e . when a brush i s s i t t i n g p a r t l y 
on an a c t i v e , and p a r t l y on an i n a c t i v e segment. 
2. An i n c r e a s e of mechanical wear occurs to the 
brush due to the s p l i t i n the r i n g . 
6.5. D i s c u s s i o n s of the R e s u l t s . 
The above r e s u l t s show th a t heavy e r o s i o n i s 
caused to the segment due to a r c i n g when a brush i s 
turned on before i t i s f u l l y on the a c t i v e segment. 
I n s l i d i n g c o n tact, the brush only touches the r i n g 
a t a few s p o t s . Morganite Ltd.(1961) suggest t h a t 
the mechanical contact p o i n t s which are not i n i t i a l l y 
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conducting may a l s o c a r r y c u r r e n t once the p o t e n t i a l 
between them due to the passage of c u r r e n t through 
the c o n s t r i c t i o n r e s i s t a n c e at the conducting spots 
becomes s u f f i c i e n t l y high. T h i s as the s o r t of 
c o n d i t i o n which occurs i n t h y r i s t o r machines, where 
the t u r n - o f f v o l t s can be as high as 100 V i n a 
machine of a few hundred horse power r a t i n g . I t 
i s to be expected t h a t a r c i n g w i l l occur a c r o s s t h i s 
s m a l l gap, and i n f a c t there was e r o s i o n (roughness) 
of the r i n g . F i g . ( 6 . 5 . 1 . ) shows t h i s e r o s i o n . 
That t h i s e r o s i o n may be due to a r c i n g i s suggested 
by the r e s u l t s of the f o l l o w i n g t e s t s : 
( i ) Using a p l a t e of metal ( b r a s s ) and brush, 
i n s u l a t e d from each other by t i s s u e paper, the 
c i r c u i t was complete through a t h y r i s t o r , d.c. 
supply r e s i s t a n c e and s w i t c h a s shown i n F i g . ( 6 . 5 . 2 . ) . 
A f t e r s w i t c h i n g the c u r r e n t on and o f f s e v e r a l times, 
of the 
and changing the position;/brush, the p l a t e was 
puncutred by the a r c i n g . T h i s puncturing appeared 
under the microscope to be s i m i l a r to t h a t which 
occurred on the a c t i v e segment. 
( i i ) By reducing the turn-on voltage f o r the 
same c u r r e n t , and r e p e a t i n g the t e s t f o r s e v e r a l 
voltage l e v e l s , a voltage was reached where no 
a r c i n g occurred and hence no damage. T h i s voltage 
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was of the order of 7 v o l t s . 
( i i i ) By s w i t c h i n g the c u r r e n t on through an i n d u c t i v e 
c i r c u i t , F i g . ( 6 . 5 . 3 . ) , the b u i l d up time of the 
current was then s u f f i c i e n t to a l l o w the brush to be 
f u l l y on the segment before the a r c i n g voltage i s 
exceeded. No a r c i n g thus occurred, and hence no 
damage was observed. 
I t has been attempted i n d u s t r i a l l y to a s s i s t 
the process of commutation i n d.c. machines by 
using semiconductor diodes i n s t e a d of t h y r i s t o r s , 
which were used on the experiment i l l u s t r a t e d by 
F i g . ( 1 . 4 . ) . The above r e s u l t s show th a t e r o s i o n 
occurs due to e a r l y turn-on. I t i s t h e r e f o r e argued 
t h a t the c u r r e n t must only be turned on when the 
brush i s f u l l y on the segment, and must not be 
turned on before t h i s c o n d i t i o n i s reached. The 
cu r r e n t must a l s o be brought to zero before the 
brush l e a v e s the a c t i v e segment i n order to avoid 
e r o s i o n and damage oc c u r i n g to e i t h e r brush or r i n g 
due to s p a r k i n g . These c o n d i t i o n s can only be 
ensured by the use of t h y r i s t o r s . With diodes 
the time of e s t a b l i s h i n g the c u r r e n t cannot be 
c o n t r o l l e d and i n low speed machines i f a c u r r e n t 
d e n s i t y of the order of 400 Amps/sq.in. i s used then 
i n one i n s t a n t when the brush i s h a l f on an a c t i v e 
segment, the d e n s i t y w i l l r i s e to -800 Amps/sq.in. 
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or so, and t h i s overloading of c u r r e n t w i l l i n c r e a s e 
the e r o s i o n and sp a r k i n g . 
The adjustment between two adjacent 
commutator segments i s a matter of importance i n 
t h y r i s t o r commutators. The experiments show t h a t 
brush wear caused by running the brush without 
cu r r e n t on the segmented r i n g s can be double or 
more than t h a t caused by s i m i l a r running on smooth 
r i n g s . To e f f e c t r e d u c t i o n of the mechanical wear 
caused by a b r a s i o n and f r i c t i o n , good adjustment must 
be made between the adjacent commutator segments. 
The length of the gap between segments must 
be taken i n t o c o n s i d e r a t i o n . I f t h i s i s too s h o r t , 
contact d e b r i s might form a conducting path between 
two adjacent segments; i f too long, i t w i l l g i ve r i s e 
to a very u n c e r t a i n c o n t a c t . Both these f a c t o r s 
must be taken i n t o c a r e f u l c o n s i d e r a t i o n when 
commutator design i s undertaken. 
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7. GENERAL SURVEY OF LITERATURE APPROPRIATE 
TO SLIDING CONTACTS. 
7.1. The Nature of the B r u s h - S l i p Ring 
Contact, and Current T r a n s f e r . 
S l i d i n g s u r f a c e s damage cannot be defined 
without s p e c i f y i n g ambient c o n d i t i o n s which i n f l u e n c e s 
the r e s u l t s . I t i s necessary t h e r e f o r e to give an 
idea of the nature of co n t a c t . 
Among the c o n d i t i o n s which have to be 
considered a r e : 
(1) The a r e a of s l i d i n g c o n t a c t . 
(2) Temperature. 
(3) P r e s s u r e . 
(4) Contact r e s i s t a n c e . 
(5) F i l m s on s u r f a c e s . 
(6) Current t r a n s f e r . 
7.1.1. The a r e a of s l i d i n g c o n t a c t . 
I f the s u r f a c e i s viewed under a microscope 
and i f the microscope i s focused c a r e f u l l y on the 
i n d i v i d u a l g r a i n s , they are found to d i f f e r i n height 
by s e v e r a l t e n thousands of an in c h ; t h a t i s th e r e 
a r e c e r t a i n very s m a l l a r e a s t h a t a r e high or protruding 
and others t h a t a r e lower or depressed. As the brush 
i s pressed a t f i r s t very l i g h t l y a g a i n s t the r i n g 
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s u r f a c e , only the high point or p o i n t s of the brush 
f a c e w i l l bear on the r i n g , as has been suggested by 
Baker (1934). 
I n 1936 Bowden and R i d l e r pointed out t h a t 
although the s u r f a c e s were c a r e f u l l y prepared they 
could never be p e r f e c t l y f l a t . They show the 
co n d i t i o n s of contact represented diagrammatically as 
shown i n F i g . ( 7 . 1 . 1 . ) . They suggested t h a t , only the 
a r e a s i n contact A^B^, AgBg, e t c . a r e heated d i r e c t l y 
by f r i c t i o n , and i t i s only these a r e a s which c o n s t i t u t e 
the thermo-junction. The are a s a, B a r e not heated by 
d i r e c t f r i c t i o n . Even the rubbing a r e a s w i l l not 
n e c e s s a r i l y a l l be a t the same temperature. 
I n 1939 Bowden and Tabor suggested t h a t when 
two s u r f a c e s a r e placed together the a r e a of intimate 
contact must be very much l e s s than the apparent 
a r e a . Even i f the s u r f a c e s are very c a r e f u l l y p o l i s h e d 
and are made as f l a t as p o s s i b l e h i l l s and v a l l e y s 
w i l l s t i l l be present on the s u r f a c e . The upper 
s u r f a c e w i l l be supported on these i r r e g u l a r i t i e s , and 
l a r g e a r e a s w i l l be separated by a d i s t a n c e which i s great 
compared with the dimensions of a molecule. I n 1950 
the same authors again suggested t h a t the r e a l a r e a 
of contact i s almost independent of the s i z e of the 
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s u r f a c e and i s determined by the load, s i n c e , under 
the i n t e n s e p r e s s u r e at the l o c a l i z e d p o i n t s of contact, 
p l a s t i c deformation and flow of c u r r e n t occur u n t i l the 
a r e a i s s u f f i c i e n t l y great to support the load. 
Holm (1946 and 1958) has d i s t i n g u i s h e d between 
the apparent contact a r e a A a,the load bearing a r e a Afe 
and the e l e c t r i c a l contact a r e a A F i g . ( 7 . 1 . 2 . ) . 
I n 1964 Barker, i n r e s t a t i n g t h a t the r e a l a r e a of contact 
i s very much s m a l l e r than the apparent a r e a ; showed t h a t 
i f a load 1 Kg. i s a p p l i e d to two tungsten s u r f a c e s i n 
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apparent contact over 1 cm , the r e a l a r e a of contact 
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might be as low as 10 cm . 
With t h i s knowledge of the roughness i n the 
contact we can understand the manner i n which the 
c o n t a c t i n g s u r f a c e s come together. 
7.1.2. Surface Temperature i n S l i d i n g C ontacts. 
When s l i d i n g t akes p l a c e a l l the f r i c t i o n 
occurs over the very s m a l l a r e a s and we may expect the 
s u r f a c e temperature a t these p o i n t s of rubbing contact 
to be high. 
A r e c e n t experimental study of the f r i c t i o n 
between two bodies i n s l i d i n g motion has been undertaken 
by Bowden and h i s c o l l a b o r a t o r s , who have shown t h a t 
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t h e r e i s strong evidence f o r the b e l i e f t h a t the 
f o r c e of f r i c t i o n i s e n t i r e l y due to the exceedingly 
minute p o i n t s of the two s u r f a c e s i n a c t i i a l contact 
and t h a t the f r i c t i o n i s such that the a c t i o n of 
s l i d i n g q u i c k l y r a i s e s these p o i n t s to the melting 
temperature but never above t h i s temperature, and 
consequently t h a t these s u r f a c e p o i n t s are i n a s t a t e 
of continuous p l a s t i c deformation. 
Heat i s generated near the i n t e r f a c e of a 
s l i d i n g e l e c t r i c a l contact both by the f r i c t i o n and 
flow of e l e c t r i c c u r r e n t . The f r i c t i o n a l heat i s 
generated a t the s u r f a c e of the c o n t a c t i n g members, but 
the e l e c t r i c a l heating occurs wherever the c u r r e n t 
f l o w s . I n the case of a brush running on a 
commutator or s l i p r i n g the heat produced i s caused by 
the f r i c t i o n l o s s at the rubbing s u r f a c e and the 
e l e c t r i c a l l o s s due to the contact voltage drop. 
The temperature r i s e i s a f u n c t i o n of the brush grade, 
s l i p r i n g m a t e r i a l , and the c o o l i n g s u r f a c e of the 
s l i p r i n g i n r e l a t i o n to the c u r r e n t passed, and the 
amount of v e n t i l a t i o n as suggested by Morganite L t d . 
(1961). 
I n 1936 Bowden and R i d l e r demonstrated t h a t the 
temperature reached by s l i d i n g s u r f a c e s depended upon 
the load, speed, c o e f f i c i e n t of f r i c t i o n and thermal 
60. 
c o n d u c t i v i t y , and t h a t i n s l i d i n g c o n t a c t s t h e r e 
were cahnges i n the a r e a s of contact and the s u r f a c e 
temperatures. 
I n 1949 Soper suggested t h a t an i n c r e a s i n g 
c u r r e n t must c r e a t e a r i s i n g temperature at the 
contact p o i n t s . For the normal operating c u r r e n t 
the heat input i s equal to the d i s s i p a t i o n . On 
i n c r e a s i n g the c u r r e n t , however, the heat input 
i s r a i s e d but the c o o l i n g i s not i n s t a n t a n e o u s l y 
i n c r e a s e d , so t h a t the temperature becomes g r e a t e r ; 
t h i s i n c r e a s e of temperature le a d s to f u r t h e r p l a s t i c 
deformation and thus a 0 r e a t e r contact a r e a . 
I t i s c l e a r t h a t the temperature a t the contact 
s u r f a c e of a brush w i l l always be m a t e r i a l l y higher 
than t h a t of the body of the brush. Hunter-Brown 
(1919) suggested t h a t the thermal c o n d u c t i v i t y has 
a very d e f i n i t e bearing upon the performance of 
carbon brushes, as r e l a t i v e l y very l a r g e amounts 
of heat are generated i n very s m a l l volumes of 
m a t e r i a l and u n l e s s the heat escapes r a p i d l y a 
d e s t r u c t i v e temperature r i s e i s the r e s u l t . 
Morganite L t d . (1961) suggested t h a t heat 
conduction away from the contact p o i n t s i s l i m i t e d 
and i t i s p o s s i b l e f o r instantaneous l o c a l temperatures 
to approach the melting point of the s u r f a c e m a t e r i a l . 
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T h i s i s how one s u r f a c e can p o l i s h another. 
7.1.3. P r e s s u r e Between S u r f a c e s , and A i r 
P r e s s u r e Under Brush. 
One of the most important f a c t o r s a f f e c t i n g 
the behaviour of brushes i s the p r e s s u r e a p p l i e d to 
the brushes i n order to maintain contact w i t h the 
moving s u r f a c e of the commutator or s l i p r i n g . I t 
i s necessary t h a t contact s h a l l be maintained r i g h t 
a c r o s s the contact f a c e from the l e a d i n g to the t r a i l i n g 
edge of the brush. 
Morganite L t d . (1961) suggested t h a t because 
of the i r r e g u l a r i t y of the s l i d i n g s u r f a c e s , the 
p r e s s u r e e x i s t i n g between brush s u r f a c e and s l i p r i n g 
i s not u n i f o r m a l l y d i s t r i b u t e d over the s u r f a c e and 
the c e n t r e of p r e s s u r e i s changing a l l the time. 
I t i s a l s o noted that brush p r e s s u r e must be kept i n 
reasonable l i m i t s . I f p r e s s u r e i s too low t h e r e 
w i l l be overheating from e l e c t r i c a l l o s s e s and 
e x c e s s i v e wear by burning. I f i t i s too high t h e r e 
w i l l be over heating from f r i c t i o n a l l o s s e s and 
e x c e s s i v e wear by mechanical a b r a s i o n . F o r t u n a t e l y 
t h e r e i s a zone i n which l o s s e s and wear are not 
a f f e c t e d to any major degree by brush p r e s s u r e . 
When the rubbing speed i s high, as i t 
g e n e r a l l y i s f o r a carbon brush rubbing on the 
r o t a t i n g p a r t of an e l e c t r i c a l machine, there i s 
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another f a c t o r to c o n s i d e r . The moving s u r f a c e 
c a r r i e s w i t h i t a f i l m of a i r , h e l d to i t by the 
v i s c o s i t y of the gas. 
I n 1926 S t i n e i n h i s i n v e s t i g a t i o n s of brush 
f r i c t i o n found t h a t the p r e s s u r e of a i r under a brush 
on a r o t a t i n g commutator i s not atmospheric. I n 
t h i s case h i s general c o n c l u t i o n s were t h a t , i f the 
brush tends to r i d e on i t s l e a d i n g edge, the a i r 
p r e s s u r e under the brush i s l e s s than atmospheric, 
but i f i t tends to r i d e on i t s t r a i l i n g edge the a i r 
p r e s s u r e i s g r e a t e r than atmospheric. 
Such changes i n a i r p r e s s u r e under a brush 
must cause corresponding changes to the e f f e c t of the 
brush p r e s s u r e and hence to the s i z e and number of 
contact s p o t s . 
Morganite L t d . (1961) suggest t h a t t h i s f i l m 
of a i r i s drawn under the brush contact s u r f a c e . 
I t tends to separate the brush and commutator or 
s l i p r i n g s u r f a c e and to a c t l i k e a f l u i d l u b r i c a n t . 
I t a l s o permits the e n t r y of wear d e b r i s between the 
two s u r f a c e s . I n the e l e c t r i c a l conduction process 
t h i s a i r f i l m a c t s as an a d d i t i o n a l r e c t i f i e r 
b a r r i e r , modifying the v o l t a g e / c u r r e n t c h a r a c t e r i s t i c . 
Mayeur (1959) suggested t h a t most of the 
mechanical brush load i s supported on an a i r f i l m 
which hydrodynamically l u b r i c a t e s the brush. Mayeur 
i n d i c a t e d t h a t the contact gap was between 1 and 5 
microns and t h a t the s p h e r i c a l g r a i n s would be 
slowly dragged a c r o s s the brush f a c e by the motion 
of the s l i p r i n g , i n whose s u r f a c e they formed shallow 
s c r a t c h e s . 
7.1.4. C o n s t r i c t i o n R e s i s t a n c e and the Coherer 
Bridges ; The Tunnel E f f e c t . 
The term e l e c t r i c a l contact r e s i s t a n c e 
r e f e r s to the r e s i s t a n c e o c c u r r i n g between any two 
contact p o i n t s i n e l e c t r i c a l a p p l i c a t i o n s . Holm 
(1946 and 1958) a p p l i e d the concepts of " c o n s t r i c t i o n 
r e s i s t a n c e " to e x p l a i n the a c t i o n of e l e c t r i c 
c o n t a c t s i n g e n e r a l , and a l s o s p e c i f i c a l l y to the 
contact between a gr a p h i t e brush and a commutator. 
t 
He maintains t h a t the r e s i s t a n c e i s due to the f a c e t h a t 
the l i n e s of c u r r e n t flow, a r e f o r c e d t o converge 
i n order to pass through the r e l a t i v e l y s m a l l 
a r e a of intimate c o n t a c t . 
L i k e Holm, Shobert (1954), Morganite L t d . 
(1961) and others considered the e x i s t a n c e of 
c o n s t r i c t i o n r e s i s t a n c e and d i s t i n g u i s h e d between 
the mechanical contact and the conducting c o n t a c t . 
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I n t h e case o f a c l e a n m e t a l c o n t a c t w i t h no d i s t u r b i n g 
f i l m i n t h e c o n t a c t , Holm and Shobert suggested t h a t 
t h e c o n t a c t r e s i s t a n c e i s s i m p l y a c o n s t r i c t i o n 
r e s i s t a n c e . I f a f i l m i s p r e s e n t , t h e c o n t a c t 
r e s i s t a n c e c o n s i s t s o f t h e c o n s t r i c t i o n r e s i s t a n c e 
and t h e f i l m r e s i s t a n c e . 
Holm a l s o suggested t h a t t h e f i l m a c t s as an 
i n s u l a t o r f o r some t i m e , i . e . o n l y a v e r y s l i g h t 
c u r r e n t f l o w s . But as soon as t h e so c a l l e d p u n c t u r i n g 
v o l t a g e i s reached a t t h e f i l m , t h e c u r r e n t s uddenly 
r i s e s because o f an a b r u p t d r o p i n t h e c o n t a c t 
r e s i s t a n c e . The d e s c r i b e d change i s c a l l e d t h e 
Coherer a c t i o n . 
He p o i n t e d o u t t h a t t h e c o h e r e r a c t i o n b e g i n s 
w i t h a p u n c t u r i n g o r breakdown o f t h e f i l m , p r o d u c i n g 
a channel i n i t , w h i c h f i l l s w i t h m o l t e n m e t a l , 
f i n a l l y s o l i d i f y i n g . As l o n g as t h e b r i d g e s 
2 
c o n s i s t o f m o l t e n m e t a l i t grows because t h e R I 
heat s u p p l i e s new m o l t e n m e t a l f r o m t h e e l e c t r o d e . 
T h i s i s drawn i n t o t h e ch a n n e l u n t i l t h e b r i d g e i s 
l a r g e enough t o endure t h e c u r r e n t i n t h e s o l i d s t a t e . 
Then t h e g r o w t h ceases. Holm a l s o suggested t h a t s i n c e 
t h e m e t a l i o n s a r e s m a l l e r t h a n t h e oxygen i o n s , 
t h e y a r e more m o b i l e . Thus t h e m e t a l i o n s and n o t 
t h e oxygen i o n s d i f f u s e t h r o u g h t h e o x i d e l a y e r . 
He c l a i m s t h a t t h e c o h e r e r a c t i o n i s o f g r e a t i m p o r t a n c e 
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i n p r a c t i c a l e n g i n e e r i n g . I t i s r e s p o n s i b l e f o r t h e 
c o n d u c t i o n f r o m t h e g r a p h i t e b r u s h t h r o u g h t h e b l a c k 
commutator f i l m t o t h e copper r i n g . 
Holm o f f e r e d a s u g g e s t i o n t o e x p l a i n t h e 
b e h a v i o u r o f t h e v o l t a g e drop by t h e c o h e r e r a c t i o n . 
He p o i n t e d o u t t h a t i f a s l i p r i n g w h i c h has been 
ke p t s t i l l f o r a l o n g t i m e b e g i n s t o r o t a t e under a 
c u r r e n t c a r r y i n g b r u s h , i t s c o l l e c t o r f i l m a c t s as 
an i n s u l a t o r a t f i r s t . But t h e c o n t a c t a r e a 
becomes studded w i t h c o h e r e r b r i d g e s g i v i n g a l i m i t e d 
conductance. Through t h e c o h e r e r a c t i o n , m e t a l 
b r i d g e s a r e formed i n t h e p u n c t u r e d h o l e s j u s t l a r g e 
enough t o c a r r y t h e c u r r e n t w i t h o u t m e l t i n g , and t h i s 
s t a t e i s i n d i c a t e d by t h e c o n t a c t v o l t a g e c a l l e d 
b r i d g e v o l t a g e . He p u t f o r w a r d a r e a s o n f o r i n c r e a s i n g 
t h e b r i d g e v o l t a g e under c e r t a i n c o n d i t i o n s . The 
b r i d g e s do n o t r e m a i n undamaged i n d e f i n i t e l y , and 
t h e i r s l i d i n g s u r f a c e s g r a d u a l l y o b t a i n a t h i n 
t a r n i s h f i l m . The f i l m v o l t a g e i s added t o t h e 
normal b r i d g e v o l t a g e . O f t e n t h e c o n t a c t v o l t a g e 
must assume h i g h e r v a l u e s i n o r d e r t o produce new 
b r i d g e s . He suggested t h a t t h e observed i n c r e a s e 
i n c o n t a c t r e s i s t a n c e under n e g a t i v e brushes a t low 
oxygen p r e s s u r e s was due t o an i n c r e a s e o f t h e 
co h e r e r b r i d g e s . 
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The Tunnel E f f e c t . 
Shobert (1954) d e s c r i b e d t h e t u n n e l e f f e c t 
as t h e passage o f e l e c t r o n s t h r o u g h a p o t e n t i a l 
b a r r i e r whose h e i g h t i s g r e a t e r t h a n t h e energy o f 
t h e e l e c t r o n s p a s s i n g t h r o u g h . 
Holm (1946 and 1958) a l s o suggested t h a t 
because o f t h e t u n n e l e f f e c t t h e e l e c t r i c c u r r e n t 
passes t h i n f i l m s w i t h o u t p r a c t i c a l l y p e r c e p t i b l e 
r e s i s t a n c e s and t h a t t h e t u n n e l e f f e c t i s 
r e s p o n s i b l e f o r t h e c u r r e n t t r a n s m i s s i o n t h r o u g h 
t h e f i l m s . He i n d i c a t e d t h a t t h e e f f e c t i v e wave 
l e n g t h f o r t h e t u n n e l e f f e c t i s t h e de B r o g l e wave 
l e n g t h o f t h e e l e c t r o n s and t h a t t h e y have a f i n i t e 
p r o b a b i l i t y o f p a s s i n g t h r o u g h p o t e n t i a l b a r r i e r s 
whose h e i g h t s c o r r e s p o n d t o an energy g r e a t e r t h a n 
t h e i r own. The e f f e c t i s p a r t i c u l a r l y s i g n i f i c a n t 
i f t h e b a r r i e r s a r e narrow, as f o r t h i n s u r f a c e 
f i l m s . The t u n n e l e f f e c t i m p l i e s a t r a n s m i s s i o n o f 
an e l e c t r o n wave, i . e . o f e l e c t r o n s , t h r o u g h p o t e n t i a l 
b a r r i e s , i f t h e i r t h i c k n e s s i s o f t h e same o r d e r as 
t h e e l e c t r o n s ' wave l e n g t h ; t h e e l e c t r o n s do not 
t h e r e b y l o o s e energy. 
7.1.5. F i l m s on t h e Ring S u r f a c e . 
The f i l m on a commutator o r s l i p r i n g , w h i c h 
p l a y s such an i m p o r t a n t p a r t i n b r u s h b e h a v i o u r 
must n o t be r e g a r d e d as s t a t i c , b u t as a dynamic t h i n g 
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w h i c h i s c o n s t a n t l y changing under t h e o p p o s i n g 
e f f e c t s o f f a c t o r s w h i c h b u i l d i t up and t h o s e 
w h i c h d e s t r o y i t . 
I n 1934 Baker suggested t h a t t h e n o n - l i n e a r 
v o l t / a m p e r e c h a r a c t e r i s t i c o f c a r b o n brushes on 
copper s l i p r i n g s was p r o b a b l y due t o t h e presence o f 
a f i l m o f copper o x i d e , on w h i c h he c o n s i d e r e d t h e 
s l i d i n g t o t a k e p l a c e . Baker suggested t h a t i f 
formed, a copper o x i d e f i l m would be b r o k e n down 
by t h e passage o f c u r r e n t , t h e r e b y o f f e r i n g an 
e x p l a n a t i o n f o r t h e observed decrease i n c o n t a c t 
r e s i s t a n c e w i t h i n c r e a s i n g c u r r e n t . He supposed a 
breakdown o r r e d u c t i o n i n r e s i s t a n c e o f t h e semi-
i n s u l a t i n g o x i d e f i l m . Backer a s c r i b e d t h e almost 
l i n e a r v o l t / a m p e r e c h a r a c t e r i s t i c o f t h e c o n t a c t 
i n n i t r o g e n t o t h e absence o f an o x i d e f i l m . 
I n 1935 H e s s l e r mentioned t h e c o n d i t i o n s o f 
t h e b r u s h and s l i p r i n g s u r f a c e s as f a c t o r s d e t e r m i n i n g 
t h e c o n t a c t r e s i s t a n c e f o r a g i v e n c u r r e n t . 
H e s s l e r and Savage (1939) c o n s i d e r e d t h e 
i n c r e a s e d r a t e o f o x i d a t i o n o f copper w i t h t e m p e r a t u r e 
t o be due t o t h e g r e a t e r d i f f u s i o n o f oxygen t h r o u g h 
t h e e x i s t i n g o x i d e , b u t p o i n t e d o u t t h a t t h e copper 
o x i d e would be d i m i n i s h e d l o c a l l y by t h e a b r a s i v e 
o r p o l i s h i n g a c t i o n o f t h e b r u s h . 
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I n 1944 Van B r u n t and Savage r e p o r t e d t h a t 
t h e y had succeeded i n s t r i p p i n g 90% o f t h e f i l m 
formed by r u n n i n g an e l e c t r o g r a p h i t e b r u s h on a 
copper s l i p r i n g . The r e s u l t s f o r a t y p i c a l f i l m 
a r e g i v e n i n t a b l e 7.1.5.. 
I n 1954 Shobert p o i n t e d o u t t h a t t h e copper 
o x i d e f i l m grows a t a r a t e d e t e r m i n e d by t h e m o t i o n 
o f copper i o n s t h r o u g h t h e f i l m . Thus t h e m o t i o n o f 
t h e s e i o n s , and hence t h e r a t e o f o x i d a t i o n , would be 
a c c e l e r a t e d by t h e e l e c t r i c f i e l d under a n e g a t i v e 
b r u s h and r e t a r d e d by t h a t under a p o s i t i v e , b r u s h . 
A l s o he suggested t h a t a w a t e r f i l m appears t o o p e r a t e 
h y d r o d y n a m i c a l l y and t o p r e s e n t a t h i n f i i m - t u n n e l 
r e s i s t a n c e when t h e c o n t a c t s a r e - r u n n i n g . T h i s 
r e s i s t a n c e d i s a p p e a r s a t s t o p i n d i c a t i n g t h a t t h e 
f i l m i s e s s e n t i a l l y removed. Holm (1958) suggested 
t h a t t h i s w a t e r f i l m a c t s as a l u b r i c a n t t o reduce 
s l i d i n g wear. 
I n 1959 Holm suggested t h a t t h e f i l m s w h i c h 
a r e produced by c a r b o n brushes on t h e copper 
c o l l e c t o r d u r i n g s l i d i n g a r e h i g h l y r e s i s t i v e and 
t h a t c o n d u c t i n g s p o t s t h r o u g h them a r e n e c e s s a r i l y 
produced by a k i n d o f e l e c t r i c a l breakdown c a l l e d 
" f r i t t i n g " . These s p o t s a r e m e t a l l i c under t h e b r u s h 
b u t do n o t r e m a i n so when t h e y a r e exposed t o a i r , 
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T a b l e 7.1.5. 
Percentage Weight Average 
g/cm^ t h i c k n e s s 
_ ram A° 
CU^O 65.8 1.27xlO" 5 2 . 1 x l O - 5 210 
C 22.1 0.42xlO" 5 3 . 3 x l O " 5 330 
Residue: 
S i 0 2 , A l 2 0 3 , 12.1 0.24xlO" 5 
F e2°3» C a 0 , 
—5 
T o t a l s 100.0 1 . 9 3 x l 0 " 5 5 • 4 x 1 0 540 
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a t l e a s t p o r t i o n s o f them q u i c k l y become co v e r e d 
by r e s i s t i v e f i l m s and t h e s e r e q u i r e e l e v a t e d 
v o l t a g e f o r new f r i t t i n g s as t h e y a r r i v e under t h e 
b r u s h a g a i n . 
Wide r a n g i n g e x p e r i m e n t s by M o r g a n i t e L t d . 
(1961) have shown t h a t w i t h g r a p h i t e s l i d i n g on 
copper, t h e s k i n l a r g e l y c o n s i s t s o f a m i x t u r e o f t h e 
o x i d e s o f copper t o g e t h e r w i t h g r a p h i t e . T h i s 
m i x t u r e t o g e t h e r w i t h a number o f i m p u r i t i e s coming 
f r o m t h e b r u s h m a t e r i a l and f r o m t h e atmosphere, 
whether as p a r t o f t h e f i l m o r a d d i n g t o t h e s u r f a c e , 
can m o d i f y t h e c o n t a c t . Because o f t h e presence o f 
t h i s s k i n o n l y perhaps one t e n t h o f t h e m e c h a n i c a l 
c o n t a c t p o i n t s between b r u s h and copper s u r f a c e w i l l 
be e l e c t r i c a l l y c o n d u c t i n g . 
The most i m p o r t a n t f a c t o r s i n f l u e n c i n g t h e 
f i l m t h i c k n e s s , as shown by M o r g a n i t e L t d . , a r e t h e 
s l i d i n g t e m p e r a t u r e w h i c h i n f l u e n c e s o x i d a t i o n r a t e , 
and b r u s h c u r r e n t d e n s i t y w h i c h i n f l u e n c e s t h e r a t e 
a t w h i c h t h e o x i d e i s reduced t o m e t a l by c h e m i c a l 
r e a c t i o n w i t h t h e carbon when under t h e b r u s h s u r f a c e . 
L a n c a s t e r (1962) p o i n t e d o u t t h a t t h e amount 
o f o x i d a t i o n depends on t h e t i m e a v a i l a b l e between 
r e p e a t e d c o n t a c t s on t h e copper, and hence upon t h e 
a r e a o f t h e b r u s h and t h e d i a m e t e r and speed o f t h e 
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s l i p r i n g . 
7.1.6. C u r r e n t T r a n s f e r 
I t i s c l e a r f r o m t h e above s e c t i o n t h a t i n 
most c o n t a c t s a p p l i c a t i o n s t h e c u r r e n t does not pass 
t h r o u g h t h e e n t i r e a p parent c o n t a c t a r e a . 
Holm (1946 and 1958) o f f e r e d an e x p l a n a t i o n 
o f c u r r e n t t r a n s f e r . He suggested t h a t t h e o x i d e 
f i l m on a copper s l i p r i n g was i n s u l a t i n g b u t was 
b r o k e n down e l e c t r i c a l l y by l o c a l i s e d p o i n t s o f 
c o n t a c t by " f r i t t i n g " , t h u s f o r m i n g s m a l l c o n d u c t i n g 
r e g i o n s o r c o n t a c t s p o t s . He suggested t h a t f r i t t i n g 
s e r v e d t o e n l a r g e t h e c o n t a c t a r e a u n t i l t h e 
a v a i l a b l e v o l t a g e c o u l d no l o n g e r s u p p o r t a f u r t h e r 
i n c r e a s e , t h e r e b y g i v i n g r i s e t o a n o n - l i n e a r r e l a t i o n 
between c u r r e n t and v o l t a g e . Holm suggested t h a t t h e 
c o h e r e r a c t i o n i s r e s p o n s i b l e f o r t h e c o n d u c t i n g 
o f c u r r e n t f r o m t h e g r a p h i t e b r u s h t h r o u g h t h e 
commutator f i l m t o t h e copper r i n g . I f t h e f i l m 
were t h i n enough, Holm a t r i b u t e d c o n d u c t i o n t o t h e 
wave m e c h a n i c a l " t u n n e l e f f e c t " . 
I n 1946 and 1949 Soper o f f e r e d h i s i d e a s on 
c u r r e n t t r a n s f e r i n s l i d i n g e l e c t r i c a l c o n t a c t 
s t a t i n g t h a t t h i s o c c u r r e d by a u t o - e l e c t r i c 
e m i s s i o n ( f i e l d e m i s s i o n ) , o r by t h e r m i o n i c e m i s s i o n , 
o r by a c o m b i n a t i o n o f b o t h . He a l s o r e c o g n i s e d 
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t h a t t h e wave mechanical t u n n e l e f f e c t c o u l d account 
f o r t h e t r a n s f e r o f " r e l a t i v e l y s m a l l c u r r e n t " 
a c r o s s t h e c o n t a c t . Soper i n h i s s u g g e s t i o n s used 
t h e p r i n c i p l e t h a t a l l c o n d u c t o r s c o n t a i n f r e e 
e l e c t r o n s w h i c h posses e n e r g i e s up t o t h e Fermi 
energy. I n o r d e r t o e x t r a c t t hese f r e e e l e c t r o n s 
f r o m t h e c o n d u c t o r w i t h o u t t h e a p p l i c a t i o n o f an 
e x t e r n a l f i e l d , t h e y must be g i v e n an e x t r a energy, 
c a l l e d t h e "work f u n c t i o n " . I n 1955 S c h r o t e r 
developed a t h e o r y o f c u r r e n t t r a n s f e r i n s l i d i n g 
copper g r a p h i t e c o n t a c t s w h i c h was based on t h e semi-
c o n d u c t i n g p r o p e r t i e s o f cuprous o x i d e . L i k e Holm, 
he assumed c u r r e n t t o f l o w over p a r t o f t h e areas o f 
mechanical c o n t a c t between t h e b r u s h and t h e r i n g 
but t h r o u g h a r e l a t i v e l y t h i c k o x i d e f i l m . And 
i n 1959 Mayeur suggested t h a t c o n d u c t i o n o c c u r s t h r o u g h 
carbon wear d e b r i s under t h e b r u s h . 
The F i e l d Emission 
The r e s u l t s o f c a r b o n - b r u s h c o n t a c t 
i n v e s t i g a t i o n s a l l suggest t h e e x i s t e n c e o f " e m i s s i o n 
c e n t r e s " f r o m which e l e c t r o n s a r e drawn because o f 
a h i g h f i e l d s t r e n g t h a t t h e p o i n t o f c o n t a c t . 
Soper (1959) suggested t h a t a l t h o u g h t h e b r u s h 
must a t a l l t h e i n s t a n t s make mechanical c o n t a c t w i t h t 
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r i n g i n a t l e a s t t h r e e p o i n t s , i t does n o t f o l l o w t h a t 
e l e c t r i c a l c o n t a c t i s c o n s i s t e n t a t a l l t h e p o i n t s . 
E l e c t r o n s w i l l , most p r o b a b l y , be e x t r a c t e d f r o m o n l y 
one p o i n t a t any i n s t a n t , and f r o m t h a t p o i n t a t w h i c h 
t h e f i e l d s t r e n g t h i s g r e a t e s t ; t h i s f o l l o w s s i n c e t h e 
e m i s s i o n i s s e n s i t i v e t o changes i n t h e f i e l d s t r e n g t h . 
The e m i s s i o n a r e a i s much g r e a t e r f o r t h e 
po lis bed r i n g ; t h i s i s t o be e x p e c t e d , as t h e " g r a n u l a r " 
n a t u r e o f t h e rough s u r f a c e w i l l produce a g r e a t e r 
f i e l d i n t e n s i t y and t h u s r e q u i r e a much s m a l l e r 
e m i s s i o n a r e a . B oth t h e e f f e c t i v e c o n t a c t s p a c i n g 
and t h e t o t a l e m i t t i n g a r e a a r e dependent on t h e 
roughness o f t h e s u r f a c e , as suggested by Soper. 
Soper assumed t h a t t h e r e i s an e f f e c t i v e 
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c o n t a c t s p a c i n g o f t h e o r d e r o f 10" cm, and an 
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e m i s s i o n a r e a o f t h e o r d e r o f 10 cm . I n a 
br u s h commutator c o n t a c t , Soper suggested t h a t 
o n l y one s m a l l a r e a w i l l be e m i t t i n g e l e c t r o n s a t 
a g i v e n moment, b u t t h a t o ver a s h o r t i n t e r v a l most 
o f t h e c o n t a c t s u r f a c e w i l l be u t i l i z e d . 
For a g i v e n c u r r e n t t r a n s f e r , Soper suggested 
t h a t , t h e c o n t a c t drop depends upon t h e e f f e c t i v e 
c o n t a c t s p a c i n g and t h e e m i t t i n g a r e a . The 
mech a n i c a l p r e s s u r e , t h e speed o f s l i d i n g , t h e 
h u m i d i t y , and t h e c o e f f i c i e n t o f f r i c t i o n o n l y c o n t r o l 
t h e v a l u e o f t h e c o n t a c t d r o p i n so f a r t h a t t h e y 
m o d i f y t h e v a l u e s o f t h e e m i s s i o n a r e a and c o n t a c t 
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s p a c i n g . Thus an i n c r e a s e i n t h e v a l u e o f t h e b r u s h 
mechanical p r e s s u r e w i l l decrease t h e v o l t a g e drop 
as a r e s u l t o f an i n c r e a s e i n t h e s i z e o f t h e e m i s s i o n 
a r e a and a decrease i n t h e c o n t a c t s p a c i n g . 
The E l e c t r i c a l C h a r a c t e r i s t i c s o f t h e C o n t a c t . 
The e l e c t r i c a l c h a r a c t e r i s t i c s o f t h e c o n t a c t 
may be summarized as f o l l o w s 
1 . There i s a v o l t a g e d r o p a c r o s s t h e c o n t a c t 
o f t h e o r d e r o f 1 v o l t , when t h e e l e c t r o g r a p h i t e b r u s h 
i s c a r r y i n g c u r r e n t a t normal c u r r e n t d e n s i t i e s 
(about 50 Amps/sq.in.). 
2. The V - I c u r v e has a c h a r a c t e r i s t i c shape, 
t h e c o n t a c t d r o p (V) i n c r e a s e s r a p i d l y w i t h c u r r e n t 
( I ) a t low c u r r e n t d e n s i t i e s , and much more s l o w l y 
a t h i g h e r c u r r e n t d e n s i t i e s , anil muoh mowo ^atowty 
3. The c o n t a c t drop o f v o l t a g e i s u s u a l l y 
h i g h e r i f t h e c u r r e n t f l o w s f r o m t h e commutator t o 
t h e b r u s h , t h a n i f i t f l o w s i n t h e o p p o s i t e d i r e c t i o n . 
4. The c o n t a c t drop o f v o l t a g e decreases 
i m m e d i a t e l y w i t h an i n c r e a s e o f b r u s h p r e s s u r e . 
5. The v o l t a g e c o n t a c t d r o p i s g r e a t e r i f t h e 
commutator i s r o t a t i n g t h a n i f i t i s s t a t i o n a r y , and 
i n c r e a s e s s l i g h t l y w i t h an i n c r e a s e o f speed* 
6. There i s a t i m e l a g o f s e v e r a l m i n u t e s b e f o r e 
t h e v o l t a g e c o n t a c t d r o p reaches a s t a b l e v a l u e 
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c o r r e s p o n d i n g t o a new v a l u e o f c u r r e n t d e n s i t y . 
7.2. Wear o f S l i d i n g C o n t a c t s 
7.2.1. Wear and F r i c t i o n 
Wear as a g e n e r a l phenomenon i s u s u a l l y v e r y 
complex. T h i s i s p a r t l y because t h e s l i d i n g c o n d i t i o n s 
may change t h e n a t u r e o f t h e s u r f a c e s e i t h e r by work-
h a r d e n i n g them, /changing t h e i r roughness, o r by 
p r o d u c i n g new phases o r a l l o y s a t t h e i n t e r f a c e , 
as suggested by Bowden and Tabor ( 1 9 5 0 ) . 
A r c h a r d (1953) d i s c u s s e d mechanisms o f wear 
i n t erms o f v a r i o u s models o f r e a l s u r f a c e s and 
deduced a r e l a t i o n s h i p between t h e wear r a t e and t h e 
l o a d . He assumed t h a t wear.was caused by e l a s t i c 
o r p l a s t i c d e f o r m a t i o n , and conc l u d e d t h a t wear 
was due t o lump removal f r b m c o n t a c t areas w h i c h 
had been formed by p l a s t i c d e f o r m a t i o n . 
I t i s now w e l l u n d e r s t o o d t h a t t h e c o n t a c t 
between t h e r u b b i n g s u r f a c e s o c c u r s a t a number o f 
s m a l l areas and t h a t t h e t r u e a r e a o f c o n t a c t , formed 
by t h e sum o f t h e s e s m a l l a r e a s , c o n s t i t u t e s a s m a l l 
p r o p o r t i o n o f apparent a r e a o f c o n t a c t . The f r i c t i o n 
and wear i s t h e r e f o r e caused by t h e c o n t a c t and 
d e f o r m a t i o n o f two p r o t u b e r a n c e s o f t h e opp o s i n g 
s u r f a c e s . 
Wear r a t e s and c o e f f i c i e n t s o f f r i c t i o n 
have been measured w i t h a p i n and r i n g machine f o r 
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a range o f m a t e r i a l c o m b i n a t i o n s by A r c h a r d and H i r s t 
(19£5). A r c h a r d and H i r s t show i n t h e i r r e s u l t s t h a t 
5 
t h e r a t e s o f wear cover a range o f n e a r l y 10 b u t 
t h e c o e f f i c i e n t o f f r i c t i o n v a r i e s by l e s s t h a n f i v e 
t o one. 
Holm (1958) f i r s t assumed t h e removal o f so 
many atoms per a t o m i c e n c o u n t e r , b u t l a t e r c o n s i d e r e d 
m a t e r i a l t o be removed i n l a y e r s . Holm a l s o suggested 
t h a t o n l y t h e number o f c o n t a c t areas v a r i e d w i t h l o a d . 
A r c h a r d (1953) concluded t h a t t h e wear r a t e 
was p r o p o r t i o n a l t o t h e l o a d , and independent o f t h e 
apparent a r e a o f c o n t a c t . He a l s o concluded t h a t 
t h e wear r a t e would be independent o f t h e speed o f 
s l i d i n g , p r o v i d i n g t h e p r o b a b i l i t y f a c t o r and f l o w 
p r e s s u r e remained c o n s t a n t . 
L i k e A r c h a r d , Bowden and Tabor (1964) i n d i c a t e d 
t h a t t h e wear was dependent on l o a d , b u t u n l i k e A r c h a r d 
t h e y suggested t h a t t h e r a t e o f wear was dependent 
on speed and area o f c o n t a c t • They con c l u d e d t h a t t h e 
wear was a l m o s t e n t i r e l y due t o m e l t i n g by f r i c t i o n . 
The main e f f e c t o f speed on wear a r i s e s f r o m t h e 
i n c r e a s e d s u r f a c e t e m p e r a t u r e g e n e r a t e d a t t h e p o i n t s 
o f r u b b i n g c o n t a c t . At h i g h speeds o f s l i d i n g , 
s u r f a c e m e l t i n g may t a k e p l a c e and t h i s i s o f t e n 
accompanied by low f r i c t i o n and wear, and t h e main 
e f f e c t o f l o a d may be due t o an i n c r e a s e i n number 
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and/or area o f c o n t a c t p o i n t s . 
7.2.2. Wear o f S l i d i n g C o n t a c t s W i t h o u t C u r r e n t . 
The b e h a v i o u r o f s l i d i n g c o n t a c t s w i t h o u t 
c u r r e n t has n o t p l a y e d much p a r t i n t h e e x p e r i m e n t a l 
i n v e s t i g a t i o n s i n t h e p a s t . R e c e n t l y a t t e m p t s have been 
made t o u n d e r s t a n d t h i s b e h a v i o u r . 
Folm (1957) suggested t h a t t h e amount o f 
g r a p h i t e t r a n s f e r r e d d u r i n g s l i d i n g i n c r e a s e d i n 
p r o p o r t i o n t o t h e s u r f a c e roughness. 
Holm (1958) r e p o r t e d t h a t i n t h e case o f 
brush r u n n i n g w i t h o u t c u r r e n t on copper r i n g , t h e 
r a t e o f wear was v e r y s m a l l . So s m a l l t h a t i t o f t e n 
was n e g l e c t e d , and i n 1961 H i r s t and L a n c a s t e r 
i n d i c a t e d t h a t , as t h e speed i n c r e a s e s t h e r a t e o f 
wear decreases t o a minimum a t about 100 cm/sec. 
and t h e n b e g i n s t o i n c r e a s e . 
I n 1962 a s u b s t a n t i a l e x p e r i m e n t a l s t u d y was 
made by L a n c a s t e r t o d e t e r m i n e t o what e x t e n t t h e 
r a t e o f wear o f an e l e c t r o g r a p h i t i c b r u s h on copper 
depends upon t h e c o n d i t i o n s o f s l i d i n g . L a n c a s t e r ' s 
r e s u l t s show t h a t when an EG11 bru s h s l i d e s w i t h o u t 
c u r r e n t on a copper s l i p r i n g , t h e r a t e o f wear 
decreases w i t h t i m e t o a l i m i t e d v a l u e . E x a m i n a t i o n 
o f t h e s u r f a c e s o f t h e wear t r a c k s on t h e copper a t 
v a r i o u s s t a g e s a f t e r t h e s l i d i n g showed t h a t t h e 
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changes o c c u r r i n g a t l i g h t and a t heavy l o a d s were 
v e r y d i f f e r e n t . L a n c a s t e r c o n c l u d e d t h a t a t r a n s f e r 
l a y e r produced a t a heavy l o a d cannot be m a i n t a i n e d 
when t h e l o a d i s reduced below a c r i t i c a l v a l u e . 
T h i s s uggests t h a t t h e t r a n s f e r r e d l a y e r i n t h e severe 
wear regime was i n a s t a t e o f dynamic e q u i l i b r i u m . 
Moreover, t h e f a c t a t r a n s f e r r e d l a y e r cannot be 
formed a t a l l when t h e l o a d i s below a c r i t i c a l 
v a l u e l e a d s t o t h e c o n c l u s i o n t h a t t h e changes w h i c h 
occur on t h e s u r f a c e o f t h e copper a t l i g h t l o a d s 
d i r e c t l y a f f e c t t r a n s f e r o f g r a p h i t e r a t h e r t h a n 
wear. 
L a n c a s t e r showed c u r v e s w h i c h i n d i c a t e d t h a t 
t h e r a t e o f wear i n c r e a s e s c o n t i n u o u s l y w i t h l o a d 
and t h a t t h e i n c r e a s e i s n o t d i r e c t l y p r o p o r t i o n a l t o 
i t , a l t h o u g h l a r g e l o a d s produced p r o p o r t i o n a l l y 
g r e a t e r wear. They a l s o i n d i c a t e d t h a t t h e r a t e o f 
wear was o n l y i n f l u e n c e d by t h e a p p a r e n t a r e a o f 
t h e b n i s h when s i g n i f i c a n t changes occur i n t h e 
c o m p o s i t i o n o f t h e s u r f a c e f i l m g e n e r a t e d on t h e 
copper. L a n c a s t e r p o i n t e d o u t t h a t v e r y l i t t l e 
C UgOorCuwas p r e s e n t on t h e s u r f a c e . A l s o w i t h 
i n c r e a s i n g d i a m e t e r o f t h e r i n g , i . e . w i t h i n c r e a s i n g 
t i m e a v a i l a b l e f o r o x i d a t i o n , he suggested t h a t c o n t a c t 
r e s i s t a n c e i n c r e a s e d and t h e r a t e o f wear decreases 
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as e x p e c t e d . 
The t e s t s d e s c r i b e d i n t h i s t h e s i s c o n f i r m e d 
t h a t , w i t h EG11S, EG16 and CM3H grade brushes r u n n i n g 
w i t h o u t c u r r e n t on a b r a s s r i n g , t h e wear was much 
s m a l l e r t h a n t h a t observed w i t h t h e same grades o f 
brushes c a r r y i n g c u r r e n t under t h e same c o n d i t i o n s . 
7.2.3. Wear o f S l i d i n g C o n t a c t s w i t h C u r r e n t . 
The e x p e r i m e n t a l work on e l e c t r i c a l s l i d i n g 
c o n t a c t a l l suggested t h a t wear can be almost 
e n t i r e l y caused by c u r r e n t f l o w . 
I n 1919 Hunter-Brown o b t a i n e d two c u r v e s o f 
e l e c t r i c a l b r u s h wear v e r s u s c u r r e n t d e n s i t y w h i c h 
i n d i c a t e d t h a t t h e n e g a t i v e b r u s h wore a t a g r e a t e r 
r a t e t h a n t h e p o s i t i v e b r u s h , and t h a t t h e wear 
r a t e s were a p p r o x i m a t e l y p r o p o r t i o n a l t o t h e c u r r e n t 
d e n s i t y . Hunter-Brown suggested t h a t t h e wear o f t h e 
c o l l e c t o r i s due t o t h r e e causes: m e c h a n i c a l 
a b r a s i o n , a k i n d o f e l e c t r o l y t i c a c t i o n , and b u r n i n g 
away o f t h e m e t a l . The r a t e o f wear o f t h e c o l l e c t o r 
i s dependent upon t h e m a t e r i a l i t i s made o f , t h e 
q u a l i t y o f t h e b r u s h , t h e c u r r e n t d e n s i t y , and t h e 
i n t i m a c y o f c o n t a c t between t h e b r u s h and t h e c o l l e c t o r . 
Hunter-Brown a l s o s uggested t h a t m a t e r i a l m i g h t be 
removed f r o m t h e b r u s h f a c e by a b r a s i o n , combustion, 
o r by d i s i n t e g r a t i o n . The v e r y low r a t e s o f wear 
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a t z e r o c u r r e n t show t h a t o r d i n a r i l y a b r a s i o n does 
not account f o r more t h a n a s m a l l p r o p o r t i o n o f t h e 
t o t a l wear. A p p a r e n t l y t h e f l o w o f c u r r e n t a c r o s s t h e 
c o n t a c t produced a d i s i n t e g r a t i o n o f t h e b r u s h 
s u r f a c e . T h i s d i s i n t e g r a t i o n m i g h t be caused by 
t h e r m a l e x p a n s i o n r e s u l t i n g f r o m t h e h i g h c u r r e n t 
d e n s i t y a t t h e d i s c r e t e p o i n t s o f c o n t a c t between t h e 
b r u s h and r i n g . 
L i k e Hunter-Brown, JBaker: (1931) f o u n d o u t 
t h a t t h e r a t e o f wear o f t h e p o s i t i v e c a r b o n b r u s h 
was c o n s i d e r a b l y l e s s t h a n t h a t o f t h e n e g a t i v e b r u s h . 
He a l s o f o u n d t h a t t h e r a t e o f wear o f m e t a l l i c brushes 
was much g r e a t e r t h a n t h a t o f carbon b r u s h e s , under 
t h e c o n d i t i o n s o f t h e s e t e s t s . .'Baker.* (1934) suggested 
t h a t t h e main e f f e c t o f t h e c u r r e n t was t o i n c r e a s e 
t h e amount o f g r a p h i t e t r a n s f e r r e d t o t h e copper and 
t o d i s p l a c e t h e wear b e h a v i o u r o f t h e b r u s h t o w a r d s 
t h e s e vere wear r e g i m e . The i n c r e a s e i n g r a p h i t e 
t r a n s f e r s u ggests t h a t t h e passage o f c u r r e n t 
supplements m e c h a n i c a l breakdown o f t h e o x i d e f i l m , 
e i t h e r by p u n c t u r i n g causes by h i g h v o l t a g e g r a d i e n t 
o r as a r e s u l t o f l o c a l h e a t i n g and s o f t e n i n g o f 
t h e copper w h i c h causes an i n c r e a s e i n t h e d e f o r m a t i o n 
beneath t h e o x i d e f i l m . 
I n 1935 H e s s l e r assumed t h a t i f a b r u s h 
c a r r y i n g c u r r e n t were o p e r a t e d on t h e same r i n g 
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s i m u l t a n e o u s l y w i t h a b r u s h n o t c a r r y i n g c u r r e n t , 
b o t h m i g h t l o s e m a t e r i a l a t t h e same r a t e as a 
r e s u l t o f a b r a s i o n , b u t t h e c u r r e n t c a r r y i n g b r u s h 
would l o s e a d d i t i o n a l m a t e r i a l as a r e s u l t o f t h e 
c u r r e n t f l o w . H e s s l e r concluded t h a t t h e r a t e o f wear 
o f p o s i t i v e c a r b o n brushes s l i d i n g on copper was low, 
and independent o f t h e c u r r e n t d e n s i t y below a 
c r i t i c a l v a l u e w h i c h c a r r i e s w i t h d i f f e r e n t b r u s h 
m a t e r i a l s . The r a t e o f wear on n e g a t i v e brushes 
was g r e a t e r and p r o p o r t i o n a l t o c u r r e n t d e n s i t y 
below a c e r t a i n v a l u e ; above t h i s v a l u e t h e r e was 
a decrease i n t h e r a t e o f wear w i t h i n c r e a s i n g c u r r e n t 
d e n s i t y , f o l l o w e d u s u a l l y by a sudden i n c r e a s e i n 
t h e r a t e o f wear as t h e c u r r e n t d e n s i t y became 
e x c e s s i v e . 
Soper (1946, 1947, and 1949) suggested t h a t 
an i n c r e a s e o f c u r r e n t c r e a t e s an i n c r e a s e o f t h e 
wear due t o r i s i n g o f t e m p e r a t u r e . He assumed t h e 
e x i s t e n c e o f m e t a l l i c b r i d g e s and suggested t h a t 
t h e m e t a l l i c b r i d g e s were r e s p o n s i b l e f o r t h e 
severe wear on t h e c a t h o d i c b r u s h . Soper a l s o o f f e r e d 
a n . e x p l a n a t i o n as t o why t h e wear and v o l t a g e drop 
under t h e n e g a t i v e b r u s h was g r e a t e r t h a n t h a t u n d e r 
t h e p o s i t i v e b r u s h . He suggested t h a t because t h e 
r i n g was t h e c e n t r e o f e l e c t r o n e m i s s i o n , t h e 
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m o t i o n c r e a t e s g r e a t e r d i s t u r b a n c e s i n t h e e l e c t r i c 
f i e l d a t t h e " p o i n t s " o f t h e r i n g s u r f a c e t h a n 
o c c u r s when t h e b r u s h e m i t s t h e e l e c t r o n . 
Holm (1958) suggested t h a t t h e i n c r e a s e o f 
wear t h a t was observed when a b r u s h - r i n g c o n t a c t 
c a r r i e s c u r r e n t was not d i r e c t l y e f f e c t e d by t h e c u r r e n t 
b u t p r o b a b l y was produced i n t h e f o l l o w i n g way. 
The d i r e c t e f f e c t o f t h e c u r r e n t ( w i t h o u t s p a r k i n g ) 
was t h e f r i t t i n g t h r o u g h t h e f i l m and e l e c t r o l y s i s . 
W i t h t h e l a s t e f f e c t , copper i o n s were moved away 
f r o m t h e r i n g s u r f a c e . Holm a l s o suggested t h a t 
though t h e q u a l i t y o f copper t h a t was t r a n s p o r t e d 
was p r o b a b l y q u i t e s m a l l , i t n e v e r t h e l e s s seemed t o 
be t h e source o f f o r m a t i o n o f a b r a s i v e copper and 
o x i d e g r a i n s and o f r o u g h e n i n g o f t h e s u r f a c e s . B o t h 
e f f e c t s i n c r e a s e wear. 
H i r s t and L a n c a s t e r (1961) i n t h e i r 
i n v e s t i g a t i o n s o f t h e wear process f o r m e t a l combina-
t i o n s have p o i n t e d t o t h e c o n c l u s i o n s t h a t t h e 
removal o f a fragment f r o m one o f t h e s u r f a c e s was 
t h e f i n a l r e s u l t o f a s u c c e s s i o n o f l o c a l i z e d 
e n c o u n t e r s . 
I n 1962 L a n c a s t e r s t u d i e d t h e r a t e o f wear o f 
EG11 e l e c t r o g r a p h i t i c b r u s h s l i d i n g on copper over 
a wide range o f l o a d s and speeds. L a n c a s t e r suggested 
t h a t a t h i g h speeds and heavy l o a d s a c o n t i n u o u s 
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l a y e r o f t r a n s f e r r e d g r a p h i t e i s formed and t h e r a t e 
o f wear per u n i t o f l o a d i s r e l a t i v e l y h i g h . A t 
low speeds and l i g h t l o a d s , a s u r f a c e f i l m o f cuprous 
o x i d e develops w h i c h p r e v e n t s t r a n s f e r o f g r a p h i t e 
and reduces t h e r a t e o f wear. L a n c a s t e r c o n c l u d e d 
t h a t c u r r e n t b r e a k s down t h e o x i d e f i l m l e a d i n g t o 
t r a n s f e r o f g r a p h i t e , and t h e r a t e o f wear i n c r e a s e s 
w i t h a p p l i c a t i o n o f c u r r e n t . He suggested t h a t t h e 
wear o f t h e b r u s h i s a " f a t i g u e " p rocess r e s u l t i n g 
f r o m a s u c c e s s i o n o f r e p e a t e d e l a s t i c s t r e s s e s over 
t h e l o c a l i z e d r e g i o n s o f t r u e c o n t a c t . 
L a n c a s t e r showed cu r v e s p l o t t i n g r a t e o f wear 
a g a i n s t c u r r e n t f o r d i f f e r e n t l o a d s and speeds. 
The cu r v e s showed t h a t t h e r a t e o f wear i n c r e a s e d 
c o n t i n u o u s l y w i t h l o a d i n c r e a s e , and decreased a t 
low speeds. L a n c a s t e r suggested t h a t a t any one l o a d 
a decrease i n speed l e a d s t o an i n c r e a s e i n t h e 
amount o f o x i d e p r e s e n t i n t h e s u r f a c e f i l m and t o 
a c o r r e s p o n d i n g decrease i n t h e amount o f t r a n s f e r r e d 
g r a p h i t e . The i n c r e a s e i n t h e e l e c t r i c a l c o n t a c t 
r e s i s t a n c e o b t a i n e d a t low speeds o f s l i d i n g suggests 
t h a t t h e t i m e a v a i l a b l e f o r o x i d a t i o n between r e p e a t e d 
c o n t a c t s a t a l o c a l i z e d r e g i o n on t h e copper i s more 
s i g n i f i c a n t i n e n a b l i n g a c o h e r e n t o x i d e f i l m t o 
be e s t a b l i s h e d t h a n i s t h e l o c a l i z e d " f l a s h " 
84. 
t e m p e r a t u r e r i s e due t o f r i c t i o n a l h e a t i n g ; t h e 
" f l a s h " t e m p e r a t u r e w i l l , o f cou r s e , decrease i n 
magnitude as t h e spped decreases. 
I n f a c t , t h e p r i m a r y a c t i o n o f t h e o x i d e 
f i l m i s t o impede t r a n s f e r o f g r a p h i t e t o t h e copper, 
presumably by p r e v e n t i n g c o n t a c t between t h e b r u s h 
and t h e copper s u b s t r a t e , and t h e c o e f f i c i e n t o f 
f r i c t i o n between t h e b r u s h and t h e o x i d e f i l m i s 
s m a l l e r . When t h i s l a y e r becomes t h i c k enough, i t 
mi g h t cause heavy wear, as shown i n ( 7 . 1 . 5 . ) . 
7.2.4. Wear i n Presence o f A r c i n g . 
I n case o f a r c i n g o r s p a r k i n g , t h e wear 
r a t e w i l l change. The wear/time c u r v e ( F i g . ( 5 . 2 . 4 . ) , 
shows t h a t t h e wear f o r p o s i t i v e and n e g a t i v e 
brushes was low under n o n - s p a r k i n g c o n d i t i o n s . When 
s p a r k i n g o c c u r r e d i t caused wear i n b o t h brushes t o 
i n c r e a s e r a p i d l y w i t h t i m e b u t more so w i t h t h e 
n e g a t i v e b r u s h t h a n w i t h t h e p o s i t i v e . 
Watts (1957) i n v e s t i g a t e d t h e i n f l u e n c e o f 
s p a r k i n g on b r u s h wear and f o u n d t h a t i t c o u l d i n c r e a s e 
t h e wear r a t e by up t o f i f t y t i m e s . 
Baker ( 1 9 3 i ; a n d 1934), H e s s l e r ( 1 9 3 5 ) , 
Holm (1948 and 1958) M o r g a n i t e L t d . ( 1 9 6 1 ) , a l l 
i n t h e i r r e s u l t s s u p p o r t e d t h e s u g g e s t i o n t h a t 
s l i p r i n g r o u g h e n i n g by s p a r k i n g and subsequent 
b r u s h a b r a s i o n c o n s t i t u t e s an i m p o r t a n t f a c t o r o f 
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b r u s h wear. 
M c l a u g h l i n (1951) p o i n t e d o u t t h a t a r c s may 
be produced e i t h e r by t h e d r a w i n g o u t o f a d i s c h a r g e , 
as o c c u r s on opening a s w i t c h , o r by t h e e l e c t r i c a l 
breakdown o f t h e gap s e p a r a t i n g f i x e d e l e c t r o d e s . 
There i s no doubt t h a t a r c s may occur i f t h e 
c o n t a c t i n t e r r u p t s a c u r r e n t , as happens when a bar 
l o s e s c o n t a c t w i t h t h e b r u s h e i t h e r because i t i s a 
low b a r , because o f b r u s h v i b r a t i o n , o r because 
t h e bar moves f r o m under t h e b r u s h . The l a s t s h o u l d 
n o t occur ±ii w i t h t h y r i s t o r machines because t h e 
i n t e r p o l e s t r e n g t h must be s u f f i c i e n t f o r t h e c u r r e n t 
t h r o u g h t h e t h y r i s t o r t o be b r o u g h t t o z e r o b e f o r e 
t h e b r u s h l e a v e s t h e segment ( F i g . 1 . 4 . ) , o t h e r w i s e 
v e r y heavy l o s s e s t o e i t h e r b r u s h o r r i n g w i l l r e s u l t . 
Holm i n 1948 p o i n t e d o u t t h a t t h e a r c 
produces d i s i n t e g r a t i o n o f t h e e l e c t r o d e s l e a d i n g t o 
a l o s s o f m a t e r i a l and r o u g h e n i n g o f t h e s u r f a c e . 
I n 1958 he suggested t h a t t h e a r c a f f e c t s t h e wear 
i n t h e two r e s p e c t s . F i r s t , i t produces e v a p o r a t i o n 
f o j m t h e e l e c t r o d e s ; s e c o n d l y , t h i s l e a d s t o 
r o u g h e n i n g o f t h e s u r f a c e s w h i c h i n i t s t u r n i n c r e a s e s 
t h e m e c h a n i c a l wear. 
M o r g a n i t e L t d . (1961) r e p o r t e d t h a t t h e 
orange s p a r k i n g a t t h e b r u s h edge was an i n d i c a t i o n 
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t h a t t h a t p a r t i c u l a r b r u s h was c a r r y i n g an over 
l o a d . They a l s o suggested t h a t e x c e s s i v e wear i s 
more o f t e n e l e c t r i c a l t h a n m e c h a n i c a l i n o r i g i n . 
C o n t r a r y t o M o r g a n i t e L t d . , Thompson and 
T u r n e r (1962) p o i n t e d o u t t h a t i n t h e absence o f 
a r c i n g , b r u s h wear was e s s e n t i a l l y a m e c h a n i c a l 
p r o c e s s , so t h a t t h e i n c r e a s e o f b r u s h wear w i t h 
c u r r e n t was due t o r o u g h e n i n g o f t h e s l i p r i n g r a t h e r 
t h a n t o d i r e c t e l e c t r i c a l e r o s i o n . 
L a n c a s t e r (1962) p o i n t e d o u t t h a t two forms 
o f wear can o c c u r , m e c h a n i c a l and e l e c t r i c a l , b u t 
t h e r e was t h e n l i t t l e e v i d e n c e a v a i l a b l e t o s u p p o r t 
t h e e x i s t e n c e o f t h e l a t t e r , e x c e p t when v i s i b l e 
a r c i n g was p r e s e n t beneath a b r u s h . L a n c a s t e r 
s u g g e s t e d t h a t m e c h a n i c a l wear was u s u a l l y a t t r i b u t e d 
t o a b r a s i o n , e i t h e r by l o s s e s , g r a p h i t i c d e b r i s 
t r a p p e d between t h e s u r f a c e s o r by o x i d e s and o t h e r 
c o r r o s i o n p r o d u c t s p r e s e n t on t h e s u r f a c e o f t h e 
copper. 
I n 1963 he s t u d i e d t h e r e l a t i v e i m p o r t a n c e 
o f e r o s i o n and mec h a n i c a l wear s p e c i f i c a l l y under 
a r c i n g c o n d i t i o n s . Using an EG11 e l e c t r o g r a p h i t i c 
b r u s h and a copper s l i p r i n g , he f o u n d t h a t t h e 
a r c i n g i n c r e a s e d t h e roughness o f t h s l i p r i n g and t h e 
r e s u l t a n t a d d i t i o n a l m e c h a n i c a l b r u s h wear was o f 
comparable magnitude t o t h e d i r e c t l o s s o f carb o n 
by e r o s i o n . The e r o s i o n was almost independent 
87. 
o f t h e l o a d on t h e b r u s h , b u t t h e a d d i t o n a l m e c h a n i c a l 
wear due t o a r c i n g i n c r e a s e d w i t h d e c r e a s i n g l o a d , 
p a r t i c u l a r l y a t h i g h speeds o f s l i d i n g . B o t h t h e 
e r o s i o n and me c h a n i c a l wear were g r e a t e r f o r t h e 
n e g a t i v e b r u s h . L a n c a s t e r a t t r i b u t e d t h e l a r g e r 
n e g a t i v e b r u s h e r o s i o n t o g r e a t e r l o c a l i z e d s u r f a c e 
t e m p e r a t u r e due t o p o s i t i v e i o n bombardment, w h i c h 
l e d t o a h i g h e r r a t e o f o x i d a t i o n o f t h e b i n d e r 
m a t e r i a l . 
As i n d i c a t e d i n t h e p r e v i o u s d i s c u s s i o n , 
a r c i n g r e p r e s e n t s t h e g r e a t e s t enemy o f e l e c t r i c a l 
s l i d i n g c o n t a c t and causes heavy damage t o b o t h b r u s h 
and r i n g . T h i s f a c t was v e r i f i e d by t h e a u t h o r ' s 
own e x p e r i m e n t s , see (4.6 . ) 
7.2.5. Wear and H u m i d i t y 
The a b s o r p t i o n o f w a t e r vapour by s o l i d s u r f a c e s 
appears t o be much h e a v i e r t h a n we s h o u l d e x p e c t . 
Many w o r k e r s have f o u n d t h a t w a t e r vapour reduces 
f r i c t i o n and wear r a t e s . 
Baker (1931) i n h i s i n v e s t i g a t i o n s w i t h 
hydrogen f o u n d t h a t a w e l l designed commutator 
machine w i l l o p e r a t e s a t i s f a c t o r i l y and g i v e good 
b r u s h l i f e i n hydrogen, and i f a b r u s h must s p a r k i n 
hydrogen, t h e b r u s h l i f e may be i n c r e a s e d many t i m e s 
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by m a i n t a i n i n g t h e r e l a t i v e h u m i d i t y below 10 p e r c e n t . 
Baker a l s o concluded t h a t t h e c o n t a c t d r o p between 
a carbon o r g r a p h i t e b r u s h and a b r a s s s l i p r i n g , 
was t e n t i m e s as h i g h when t h e r i n g was r u n n i n g i n 
a i r as when i t was r u n n i n g i n hydrogen. 
Van-Brunt and Savage (1944) suggested t h a t 
w a t e r vapour reduces f r i c t i o n and wear r a t e i n 
p r o p o r t i o n t o p r e s s u r e up t o t h e range f r o m 3 - 5 
mm Hg, by a p rocess o f r e v e r s i b l e a d s o r p t i o n . For 
h i g h e r p r e s s u r e s , t h e s u r f a c e s become covered, and 
no f u r t h e r r e d u c t i o n i s o bserved. They a l s o show t h a t 
i f a g r a p h i t e b r u s h was r u n a g a i n s t s t e e l i n a vacuum 
r a t h e r t h a n i n a i r , t h e r e was a f i v e f o l d i n c r e a s e 
i n f r i c t i o n and a c o n s i d e r a b l e i n c r e a s e i n wear. 
Van B r u n t and Savage concluded t h a t t h e low f r i c t i o n 
and wear o f g r a p h i t e under normal c o n d i t i o n s was due 
n o t t o any l u b r i c a n t q u a l i t y i n h e r e n t i n t h e 
g r a p h i t e i t s e l f b u t t o a d s o r p t i o n upon i t s s u r f a c e s 
o f substances d e r i v e d f r o m t h e o r d i n a r y a t m o s p h e r i c 
e n v i r o n m e n t . 
The main e f f e c t o f w a t e r vapour may be t o a c t 
as a l u b r i c a t i n g f i l m , p r e v e n t i n g a d h e s i o n between 
t h e r u b b i n g s u r f a c e s . But t h i s same f i l m m i g h t be a 
c o n t r i b u t i n g f a c t o r i n t h e f o r m a t i o n o f cuprous 
o x i d e f i l m , w h i c h w i l l cause an i n c r e a s e o f t h e wear 
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r a t e . 
I t i s t o be concluded t h a t , i n g e n e r a l , 
b o t h b r u s h and r i n g wear can be decreased by r e d u c i n g 
r i n g t e m p e r a t u r e , i n c r e a s i n g h u m i d i t y , and 
d e c r e a s i n g c u r r e n t . 
90. 
8. CONCLUSIONS 
8.1. Summary o f t h e R e s u l t s . 
The r e s u l t s o f t h e t e s t s d e s c r i b e d i n t h e 
above s e c t i o n s may be summarised as f o l l o w s : -
1. B o th EG11S and EG16 b r u s h grades, 
i n v e s t i g a t e d w i t h h a l f s i n e wave c u r r e n t and square 
wave c u r r e n t , can be r u n f o r 100 hours w i t h b r u s h 
p r e s s u r e o f 2 l b s / s q . i n . w i t h 400 Amps/sq.in. 
w i t h o u t any s i g n i f i c a n t damage o c c u r r i n g t o t h e r i n g 
b u t t h e r e i s however e x c e s s i v e b r u s h wear. 
2. Brushes o f t h e CM3H grade, i n v e s t i g a t e d 
w i t h h a l f s i n e wave c u r r e n t and square wave c u r r e n t 
can be r u n f o r 50 hours w i t h b r u s h p r e s s u r e o f 2 l b s / s q . i n . 
w i t h 400 Amps/sq.in. w i t h o u t any damage t o t h e b r u s h 
o r s l i p r i n g . 
3. There i s no meffiu»oaial8 t i m e l a g between 
t h e a p p l i c a t i o n o f v o l t a g e and t h e passage o f c u r r e n t 
w i t h h a l f s i n e wave c u r r e n t o r square wave c u r r e n t 
However, a delay of the order of 100 microseconds was 
observed with rough surfaces. 
and occur due t o t h e h i g h c o n t a c t heat and sparKxngv 
5. The wear o f t h e b r u s h w i t h h a l f s i n e wave 
9 1 . 
c u r r e n t o r w i t h p u l s e d c u r r e n t i s much s m a l l e r t h a n 
t h a t w i t h d i r e c t c u r r e n t f o r e i t h e r p o l a r i t y w i t h t h e 
t h r e e t y p e s o f brushes i n v e s t i g a t e d . 
6. The wear o f t h e ESIL^Q b r u s h grade i s s m a l l e r 
t h a n t h a t o f t h e grade and g r e a t e r t h a n t h a t o f 
EGI6 
t h e GUSH grade f o r t h e same d u r a t i o n and c u r r e n t 
d e n s i t y . 
7. The wear o f t h e EG11S, EG16 and CM3H brushes 
i n v e s t i g a t e d i s g r e a t e r when t h e b r u s h i s r u n n i n g 
w i t h c u r r e n t t h a n w i t h o u t c u r r e n t , and i n g e n e r a l , 
t h e wear o f t h e b r u s h i n c r e a s e s as t h e c u r r e n t d e n s i t y 
i n c r e a s e s . I t i s g r e a t e r on t h e n e g a t i v e b r u s h t h a n 
on t h e p o s i t i v e b r u s h w i t h e l e c t r o g r a p h i t i c brushes 
and t h e r e v e r s e i s t h e case w i t h m e t a l l i c brushes. 
8. Heavy e r o s i o n and b u r n i n g due t o s p a r k i n g 
i s caused t o t h e b r u s h and segment when a b r u s h i s 
t u r n e d on b e f o r e i t i s f u l l y on a segment. 
9. An i n c r e a s e o f mechanical wear may w e l l o c c ur 
t o t h e b r u s h due t o t h e l e n g t h o f t h e gap between 
segments. 
8.2.T3QggeEfCI ,onB , ,'fOr'-iFurtller , ,--Worfc.-
I n t h y r i s t o r machines, t h e commutator 
p e r i p h e r a l speed can be h i g h as 16000 ft./mdn . 
The e x p e r i m e n t s d e s c r i b e d i n ( 4 ) and ( 5 ) 
were a t one speed 4000 f t . / m i n , (1500 r.p.m.). 
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I t i s suggested t h a t s e v e r a l t e s t s be made a t h i g h e r 
speeds t o i n v e s t i g a t e t h e p o s s i b i l i t y o f t i m e l a g s 
a p p e a r i n g due t o «N^WP- b u i l d up o f o * H M r e < r t — t h e 
t i m e r e q u i r e d f o r a c o n t a c t t o be e s t a b l i s h e d . 
Since a t i m e l a g was observed w i t h r o u g h 
s u r f a c e s , e x p e r i m e n t s c o u l d be u s e f u l l y c a r r i e d o u t 
t o show t h e minimum smoothness r e q u i r e d f o r w h i c h no 
t i m e l a g i s t o be observed under v a r i o u s c o n d i t i o n s 
o f b r u s h p r e s s u r e . The e f f e c t o f t h e t h i c k n e s s o f 
t h e c a r b o n d e p o s i t on t h e r i n g on e s t a b l i s h m e n t o f 
c u r r e n t needs f u r t h e r i n v e s t i g a t i o n .^ e(ac« pqq«94| 
The pro c e s s o f e s t a b l i s h m e n t o f ^ ' a ^ s i i r f a c e 
f i l m i s i t s e l f o f i n t e r e s t when p u l s e d c u r r e n t s a r e 
used. The q u e s t i o n o f how t h e f i l m i s t r a n s f e r r e d 
r ound t h e r i n g - i s i t d e p o s i t e d m a i n l y when 
c u r r e n t f l o w s , and t h e n dragged a c r o s s t h e non-
c u r r e n t p o r t i o n s and how f a s t does t h e d i s t r i b u t i o n 
advance - i s w o r t h y o f f u r t h e r c o n s i d e r a t i o n . T h i s 
i s an i m p o r t a n t m a t t e r i n t h y r i s t o r commutators 
where t h e r i n g c o n s i s t s o f a l t e r n a t e a c t i v e segments 
and i n a c t i v e segments. Uneven d e p o s i t s o f carbon 
may have a- d e t e r i m e n t a l e f f e c t on b r u s h wear c h a r a c t e r -
i s t i c s . 
The t e s t s c a r r i e d o u t w i t h t h e s p l i t r i n g and 
e a r l y t h y r i s t o r f i r i n g were made when the.-brush 
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was s i t t i n g h a l f on an a c t i v e segment and h a l f on an 
i n a c t i v e segment. F u r t h e r - s t u d i e s a r e needed f o r 
v a r i a t i o n o f b r u s h p o s i t i o n t o d e t e r m i n e t h e 
a l l o w a b l e d i s t a n c e a t w h i c h a b r u s h may t u r n on 
e a r l y w i t h o u t any e r o s i o n . 
P r o b a b l y t h e most i m p o r t a n t f a c t o r w h i c h w i l l 
d e c i d e t h e p r a c t i c a l a p p l i c a t i o n o f t h y r i s t o r 
machines i s t h e b e h a v i o u r o f t h e commutation segment 
i n r e s p e c t o f r e l a t i v e wear between t h e a c t i v e and 
i n a c t i v e segments. The exp e r i m e n t showed no damage 
w i t h EG11S o r EG16 b r u s h grades on br a s s r i n g , b u t 
t h e y were used o n l y f o r 100 hours o f r u n n i n g . 
I t i s necessary t o make d e t a i l e d measurements o f t h e 
br u s h and r i n g wear f o r l o n g e r p e r i o d s . 
The c h o i c e o f m a t e r i a l s f o r t h e commutator 
a l s o depends on t h e r e l a t i v e wear. Since t h e 
a u t h o r ' s s t u d i e s have been c o n f i n e d t o EG11S, 
EG16 and CM3H brushes and b r a s s s l i p r i n g , i t would 
be ' / d e s i r a b l e t o r e p e a t many o f t h e e x p e r i m e n t s u s i n g 
o t h e r b r u s h grades and s l i p r i n g m a t e r i a l s . I n t h i s 
c o n t e x t , t h e use o f i n s u l a t i n g m a t e r i a l f o r t h e 
i n a c t i v e b a r s c o u l d be i n v e s t i g a t e d . 
The l e n g t h o f t h e a i r gap between t h e commutator 
segments has an i m p o r t a n t h e a r i n g on t h e wear 
c h a r a c t e r i s t i c s o f t h e b r u s h and i n v e s t i g a t i o n s 
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c u r r e n t l y p r o c e e d i n g elsewhere s h o u l d p r o v i d e u s e f u l 
i n f o r m a t i o n on commutator a i r gap and i n s u l a t o r 
d e s i g n . 
The p a r a l l e l l i n e o f r e s e a r c h mentioned 
i n t h e above c h a p t e r s , when completed w i l l show t h e 
r e a l b e h a v i o u r w h i c h i n f a c t o c c u r s under a b r u s h 
i n a t h y r i s t o r - a s s i s t e d commutator• C o r r e l a t i o n o f 
o t h e r work w i t h t h e above r e s u l t s , may make p o s s i b l e 
improvements i n t h y r i s t o r - a s s i s t e d commutation 
nachines and which.may perhaps p r o v e t h e i r advantages 
and t h e i r r e l i a b i l i t y i n a number o f motor and 
g e n e r a t o r a p p l i c a t i o n s . 
Care must be taken to distinguish between the time 
required to e s t a b l i s h a contact and any time lag due to 
i 
c i r c u i t inductance. 
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9. APPENDICES 
9.1. The P a r a l l e l - C a p a c i t o r Commutated 
D.C. S w i t c h . 
The t h y r i s t o r can be s i m p l y connected i n 
s e r i e s w i t h t h e l o a d and p r o v i s i o n made f o r t r i g g e r i n g 
u s i n g a c i r c u i t connected t o t h e g a t e o f t h e t h y r i s t o r . 
To t u r n t h e t h y r i s t o r o f f by s t a t i c means 
i n a d.c. system r e q u i r e s e x t e r n a l commutating means. 
F i g . ( 9 . 1 . 1 . ) i l l u s t r a t e s t h e fun d a m e n t a l method o f ; 
t h y r i s t o r s w i t c h i n g employed, u s i n g a c a p a c i t o r and 
a second t h y r i s t o r t o t u r n o f f t h e l o a d - c a r r y i n g 
t h y r i s t o r . 
When t h y r i s t o r ( 1 ) i s t r i g g e r e d i n t o 
c o n d u c t i o n , v o l t a g e E i s a p p l i e d t o t h e l o a d R^. 
W i t h t h y r i s t o r ( 2 ) i n t h e o f f s t a t e , c a p a c i t o r C i s 
connected a c r o s s t h e l o a d t h r o u g h R g and charges t o t h e 
s u p p l y v o l t a g e w i t h p o s i t i v e p o l a r i t y on i t s l e f t - h a n d 
p l a t e . When t h y r i s t o r ( 2 ) i s t r i g g e r e d , t h e r i g h t -
hand, o r n e g a t i v e , p l a t e o f C i s connected t o t h e p o s i t i v e 
d.c. s u p p l y l i n e w h i l e i t s p o s i t i v e p l a t e i s s t i l l 
c onnected t o t h e cathode o f t h y r i s t o r ( 1 ) . T h i s 
momentary r e v e r s e v o l t a g e on t h y r i s t o r ( 1 ) t u r n s i t o f f , 
w h i l e t h y r i s t o r ( 2 ) c o n t i n u e s t o a p p l y t h e s u p p l y v o l t a g e 
t o i t s l o a d Rg« C a p a c i t o r C now r e v e r s e s i t s charge 
t o p o s i t i v e p o l a r i t y on i t s r i g h t - h a n d p l a t e . I f 
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t h y r i s t o r (1) i s t r i g g e r e d a t t h i s time, the c i r c u i t 
r e v e r t s to i t s o r i g i n a l s t a t e . F i g . ( 9 . 1 . 2 . ) 
i l l u s t r a t e s the voltage wave forms a c r o s s t h y r i s t o r 
(1) and the load R^ during a t y p i c a l sequence of 
t r i g g e r i n g . 
For s a t i s f a c t o r y t u r n - o f f of t h y r i s t o r (1) 
time t i n d i c a t e d on t h i s wave form must be longer than 
the maximum r e q u i r e d t u r n - o f f time of t h y r i s t o r ( 1 ) . 
Otherwise, t h y r i s t o r (1) w i l l f a i l to t u r n o f f , and both 
t h y r i s t o r (1) and t h y r i s t o r (2) w i l l conduct 
s imultaneously. 
The r e q u i r e d s i z e of commutating c a p a c i t o r C 
f o r r e s i s t i v e loads can be determined by a n a l y z i n g the 
sw i t c h i n g i n t e r v a l s j u s t a f t e r t h y r i s t o r (2) i s 
t r i g g e r e d . As i n other c a l c u l a t i o n s of t h i s type, 
the t h y r i s t o r s are assumed to be p e r f e c t s w i t c h e s ; that 
i s they are assumed to have i n f i n i t e r e s i s t a n c e i n the 
o f f - s t a t e and zero r e s i s t a n c e i n the on- s t a t e . Aslo, i t 
i s assumed t h a t r e v e r s e recovery i s instantaneous, 
t h a t i s , t h a t no r e v e r s e recovery c u r r e n t flows. 
J u s t before t h y r i s t o r (2) i s t r i g g e r e d , 
c a p a c i t o r C i s charged to E. I f t h y r i s t o r (2) i s 
t r i g g e r e d a t time t - 0, and we then consider the 
discharge c u r r e n t i through C and load R, -
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1 t 
E - - T i d t + iR, 
C J0 
The l a p l a c e transform of the loop equation i s 
E I (S) 
- - I (5) R.. + 
s o l v i n g f o r i , we have 
2E 
i - — exp - (t/R C.) 
R i 
The voltage V a c r o s s c a p a c i t o r C, which i s a l s o the 
voltage a c r o s s t h y r i s t o r (1) when t h y r i s t o r (2) i s 
conducting, i s 
1 * V = -E + c i d t 
1 t 
= -E + — 
2E + - r — 
C J0 «i 
exp (- t/R± C) dt, 
so V -• E c 1 - 2 exp (-t/Rj^ C) 
Turn o f f t i s the i n t e r v a l between t c 
i n s t a n t when V c = 0 
0 and the 
or 0 = E 1 - 2 exp ( - ^ / R j C ) 
s o l v i n g f o r t we get 
c 
t c - 0.69 Rj^ C. 
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The c a p a c i t o r C was v a r i e d between 100 and 400 J J L . f a r a d 
to give minimum pulse r i s e time and to maintain the 
same r i s e time w i t h a l l c u r r e n t d e n s i t i e s i n the range 
55 - 380 Amps./sq.in. T h i s r i s e time was approximately 
80 ( i . s e c . 
9.2. F i r i n g Requirements of T h y r i s t o r s . 
The t h y r i s t o r i s a four l a y e r P-N-P-N device, 
shown d i a g r anuria t i c a l l y i n F i g . (9.2.1.) 
I n order to ensure proper f i r i n g of a l l the 
t h y r i s t o r s i r r e s p e c t i v e of t h e i r i n d i v i d u a l f i r i n g 
c h a r a c t e r i s t i c s , p u l s e - f i r i n g r a t h e r than d.c. f i r i n g 
i s employed. When t h y r i s t o r s a r e f i r e d w i t h s h o r t 
p u l s e s i t i s p o s s i b l e to i n j e c t a peak power i n t o the 
gate i n excess of the maximum average gate power r a t i n g . 
The two t h y r i s t o r s must be f i r e d s e p a r a t e l y a t the 
appropriate time. 
S h o r t l y a f t e r the i n i t i a t i o n of conduction 
by the f i r i n g of one t h y r i s t o r , the p u l s e s to the 
other t h y r i s t o r must be discontinued; thus only one 
t h y r i s t o r must normally be f i r e d a t a time, otherwise, 
both t h y r i s t o r s w i l l conduct simultaneously. 
The b a s i c f i r i n g system f o r t h i s a p p l i c a t i o n 
c o n s i s t s of two p a r t s : 
1 - P u l s e - t r a i n o s c i l l a t o r . 
2 - Gates f o r r e g u l a t i n g the p u l s e s . 
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1. P u l s e - t r a i n O s c i l l a t o r . 
P r o v i s i o n should be made even a t t h i s e a r l y 
stage so t h a t the a p p l i c a t i o n of the f i r i n g p u l s e s 
w h i l e the t h y r i s t o r s are n e g a t i v e l y b i a s e d has no 
damaging e f f e c t . P u l s e s of short d u r a t i o n avoid t h i s 
danger when the t h y r i s t o r s a r e r e v e r s e b i a s e d . 
Since t h y r i s t o r s t u r n on w i t h i n 5 to 10 ( i - s e c s , 
p u lse lengths of the order of 25 (i.secs are adequate. 
The mark-space r a t i o of the p u l s e - t r a i n should 
be about 1:3 t h a t the duty c y c l e i s 25% or s l i g h t l y 
l e s s . A f a i r l y s h o r t r i s e time i s p r e f e r a b l e . 
A s u i t a b l e p u l s e - t r a i n o s c i l l a t o r i s shown by 
F i g . ( 9 . 2 . 2 . ) . T h i s i n c l u d e s the b a s i c "square wave" 
o s c i l l a t o r and p u l s e - a m p l i f i e r . One f u r t h e r stage of 
a m p l i f i c a t i o n i s n e c e s s i t a t e d by the design of the 
gates used to r e g u l a t e the p u l s e s to the t h y r i s t o r s . I t 
i s e s s e n t i a l t h a t the o s c i l l a t o r should be free-r u n n i n g 
immediately on s w i t c h i n g on. F i g . (9.2.4.) shows the 
voltage wave form of the t h y r i s t o r gate f i r i n g p u l s e . 
2. Gates. 
Each t h y r i s t o r i s provided w i t h a gate c i r c u i t 
so t h a t the f i r i n g p u l s e s may be held o f f when not r e q u i r e d . 
Simple "Nand" gates of the type shown by 
F i g . (9.2.3.) are s u i t a b l e . One input to t h i s one-
t r a n s i s t o r Nand gate i s d r i v e n by the p u l s e - t r a i n 
o s c i l l a t o r . 
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One o s c i l l a t o r of the type shown i n F i g . ( 9 . 2 . 2 . ) 
i s adequate f o r the two gating c i r c u i t s . 
The transformer r a t i o i s s e l e c t e d a f t e r due 
c o n s i d e r a t i o n of the gate c h a r a c t e r i s t i c s of the 
t h y r i s t o r . A c e r t a i n minimum voltage r e q u i r e d to f i r e 
a l l t h y r i s t o r s of a given type under a l l c o n d i t i o n s . 
T h i s voltage i s u s u a l l y about 3V. 
The maximum p e r m i s s i b l e gate v o l t a g e decides 
the lowest primary to secondary r a t i o . 
I t has been found p r e f e r a b l e to use p u l s e s of 
f a i r l y high amplitude to f i r e the t h y r i s t o r s . A 
transformer r a t i o of 9:1 was a c t u a l l y employed i n the 
c i r c u i t F i g . (9.2.3.) used i n c o n j u n c t i o n w i t h Mullard 
BTY99(500R) t h y r i s t o r . 
9.3. Measurements of Brush Temperature 
by Thermocouple. 
Heat i s generated near the i n t e r f a c e of 
e l e c t r i c a l contact both by the f r i c t i o n * i t s e l f and by 
the flow of e l e c t r i c c u r r e n t . The f r i c t i o n a l heat i s 
evolved at the s u r f a c e of the c o n t a c t i n g members, but the 
Joule e l e c t r i c a l heating occurs wherever the c u r r e n t f l o w s . 
T h i s s e r i e s of measurements was made i n order 
to give an idea of the temperature of a brush i n s l i d i n g 
contact p a s s i n g h a l f s i n e wave c u r r e n t . EG16 and CM3H 
brush grades were used with the c u r r e n t d e n s i t i e s of 
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55 and 110 Amps./sq.in. and a l s o without c u r r e n t a t a 
brush p r e s s u r e of 2 l b s . / s q . i n . The s l i p r i n g p e r i p h e r a l 
speed was 4000ft/min. and the t e s t s were c a r r i e d out 
at a d u r a t i o n of one hour each. The brush had a contact 
a r e a of 0.375 s q . i n . 
thermocouples as shown i n F i g . ( 9 . 3 . 1 . ) was employed. 
The thermocouple was c l o s e to the i n t e r f a c e but not 
touching i t . The voltmeter had an accuracy of + 10 
y. v o l t s . F i g . (9.3.2.) shows the c a l i b r a t i o n curve of 
temperature/volts. The r e s u l t s of the temperature 
measurements over one hour of d u r a t i o n a r e shown i n 
a c t u a l l y on the brush s u r f a c e , the r e s u l t s of the 
temperature measurements are comparative. The higher 
thermal c o n d u c t i v i t y of the copper impregnated brush 
enables heat to be conducted away more r e a d i l y and the 
running temperature i s thus lower than f o r the g r a p h i t i c 
brush. The e f f e c t of c u r r e n t i n c r e a s e on temperature 
i s g r e a t e r f o r the g r a p h i t i c brush because of the 
c o n s t r u c t i o n d i f f e r e n c e . I n s t u d i e s of brush wear i t i s 
c l e a r l y important to determine the e f f e c t s of brush 
temperature and i t i s shown t h a t f o r the same contact 
a r e a and c i r c u i t , d i f f e r e n t types of brush w i l l run a t 
temperature d i f f e r e n c e S i .of^the order of 10° to 20°C. 
A simple arrangement using copper constantan 
F i g . ( 9 . 3 . 3 . ) . 
As the ifermocouple could not be l o c a t e d 
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The Wave Form of the 
(a) h a l f s i n e wave c u r r e n t . 
(b) square wave c u r r e n t . 
F i g . ( 2 . 1 ) 
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The wave form of cu r r e n t 
and contact voltage drop w i t h 
EG11S brush grade, at the 
beginning of the t e s t . 
F i g . (4.4.1.) 
The Wave Form of Current and 
Contact Voltage Drop w i t h EG11S 
Brush Grade, and Rough Ring Surface, 
Where Time l a g was Observed. 
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Drop w i t h EG11S Brush Grade, 
a) at the beginning of the t e s t . 
b) a f t e r 100 hours r u n . 
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F i g . (4.4.8.) 
Brush Track of EG11S 
a f t e r 168 Hours Run 
w i t h 110 Amps./sq.in. 
Half Sine Wave Current 






Brush Track of EG11S 
a f t e r 168 Hours Run 
w i t h 110 Amps^/Sq. i n . 
Half Sine Wave Current, 
at the Beginning of 
an A c t i v e Current 
Wave. 
F i g . (4.4.10) 
Brush Track of EG11S 
a f t e r 168 Hours Run 
w i t h 110 Amps./sq.in. 
Half Sine Wave Current, 
at the Middle of an A c t i v e 
Current Wave. 
F i g . (4.4.11.) 
Brush Track of EG11S 
a f t e r 168 Hours Run w i t h 
110 Amps./sq.in. 
Half Sine Wave Current, 
at the Middle of an 












F i g . (4.4.12) 
Brush Track of EG11S 
a f t e r 100 Hours Run 
w i t h 400 Amps/sq.in. 
Half Sine Wave Current, 
at the Middle of an 
Act i v e Current Wave. 
Fig.(4.4.13) 
Brush Track of 
EG11S a f t e r 
168 Hours Run 
w i t h 80 Amps/sq.in. 
I 
Fig.(4.4.14) 
Brush Track of 
EG11S a f t e r 100 
Hours Run Without 
Current. 
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a. at the Beginning of the Test. 
b. P.Iter lOO Hours Run 
> i I I 
cni I I o i a 
O i -H 
to O O "tf • 
to 







The Wave Form of Current and Contact 
Voltage Drop With CM3H Brush Grade. 
Brush Track of CM3H 
After 100 Hours Run 
with 400 Amps/sq.in. 
Half Sine Wave Current, 
at the Middle of an 




i i C5I I o o1 a I oo O Cfi -H 
The Wave Form of Current and Contace 
Voltage Drop with CM3H Brush Grade, 
a. at the Beginning of the Test, 
h. a f t e r 100 Hours Run. 
(b) 
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Brush Track of 
EG16 a f t e r 100 
Hours Run with 
380 Amps./sq.in. 
Square Wave 
Current, at the 
Middle of an Active 
Current Wave. L 
I t - * " 
Fig. (5.2.7.) 
The Wave Form of 
Current and Contact X 
Voltage Drop with 




Brush Track of 
CM3H a f t e r 100 
Hours Run with 
380 Amps/sq.in. 
Square Wave 
Current, at the 
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Fig.(6.2.1.) 
The Wave Form of 
Current and Contact 
Voltage Drop with 
EG16 Brush Grade and 
Segmented Ring. 
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Fig. (6.5.1.) 
Erosion of an Active Segment i n 
Segmented Ring.(c o m ^ r , Opposite) 
F i g . (6.1.1.) 
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F i g . (6.5.3.) 
V = supply v o l t s 
V^= a r c v o l t s 
Vg= brush drop 
The c o n d i t i o n s of contact as 
suggested by Bowden and R i d e r . 
F i g . ( 7 . 1 . 1 . ) 
Apparent contact area, A &, load 
bearing contact area, Afa, co n t a i n i n g 
i n s u l a t i n g spots, shaded and conducting 
a-spots, dotted. 






Load v o l t a g 
on R. 
Voltage a c r o s s 
thyi'ib'tmy CU I t u r n o f f 
-Jtime t 
c 
t y r i s t o r (2) conducts 
t h y r i s t o r (1) 
conducts 
The voltage wave form a c r o s s t h y r i s t o r (1) and the 
load • 
F i g . (9.1.2.) 





Diagram of the t h y r i s t o r . 
F i g . (9.2.1.) 
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F i g . (9.2.2.) 
P"/- OS*. ~~ZJf 
JL 
"Nand" gate. 
F i g . (9.2.3.) 
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F i g . (9.2.4.) 
The Voltage Wave Form of 
the Thyristor Gate F i r i n g 
Pulses. 
ou 
Measurements of brush temperature . 
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